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UNITED STATES DEPARTMENT OF COMMERCE
OFFICE OF TELECOMMUNICATIONS

STATEMENT OF MISSION

- The mission of the Office of Telecommunications in the Department
of Commerce is to assist the Department in fostering, serving, and
promoting the nation’s economic development and technological
advancement by improving man’s comprehension of telecommuni-
cation science and by assuring effective use and growth of the
nation’s telecommunication resources.

In carrying out this mission, the Office

Conducts research needed in the evaluation and development
of policy as required by the Department of Commerce

Assists other government agencies in the use of telecommuni-
cations

Conducts research, engineering, and analysis in the general
field of telecommunication science to meet government needs

Acquires, analyzes, synthesizes, and disseminates information
for the efficient use of the nation’s telecommunication re-
sources,

Performs analysis, engineering, and related administrative
functions responsive to the needs of the Director of the Office
of Telecommunications Policy, Executive Office of the Presi-
dent, in the performance of his responsibilities for the manage-
ment of the radio spectrum

Conducts research needed in the evaluation and development
of telecommunication policy as required by the Office of Tele-
communications Policy, pursuant to Executive Qrder 11556



PREFACE

This Measurement and Model Validation report has been
prepared for the Office of Telecommunications (OT), Spectrum
Management Support Division, as part of the 2.7 to 2.9 GHz
Spectrum Resource Assessment. The report will be utilized
as background information by the Office of Telecommunications
Policy (OTP). The OTP has assigned Report Number 1/73-P2
to this memorandum.
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ABSTRACT

The Office of Telecommunications {OT) undertook a
detailed program to.measure and analyze 'spectrum utilization
in the 2.7 to 2.9 GHz band in the Los Angeles and San Fran-
cisco areas in support of an Office of Telecommunications
Policy (OTP) Spectrum Resource  Assessment task. The
measurement program consisted of -on-site visits to compare
predicted and actual PPI interference patterns, and utiliza-
tion of the Radio Spectrum Measurement System (RSMS) van
to validate the component models used in predicting radar-
to-radar interference. o

From the measured data and -a supporting literature
search, it was concluded that ducting and man-made clutter
(building attenuation) should be included in the propagation
loss predictions in order to improve the prediction accuracy
of radar-to~-radar interference and radar frequency assignments.
Even though potential multipath wave. interference conditions
can be identified, to account for this analytically would re-
quire an extremely complex antenna and terrain model. Due to
modeling inaccuracies, the difference between the predicted
and actual radar-to-radar Interference-to-Noise Ratio (INR)
levels may be as large as 22 dB (20 standard deviation region).
However, INR errors of approximately 25 dB can still result
in relatively accurate predictions of interference patterns
on the victim PPI display for conditions where mainbeam-to-
backlobe antenna coupling predominates. In summary, it was
concluded that the analytical radar~to-radar interference
techniques used in this investigation can be used to predict
interference patterns on the victim radar PPI display with
sufficient accuracy to allow assessment of radar band congestion,
frequency assignment flexibility, and potential of the band
to absorb new users.
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SECTION 1

INTRODUCTION

1.1 GENERAL BACKGROUND

The Office of Telecommunications Policy in accordance
with Executive Order 11556 has tasked (Reference 1) the
Spectrum Management Support Division of the Office of Tele-
communications, U. S. Department of Commerce, to perform
a number of spectrum resource assessments (References 2-5).
The intent of these assessments is to provide a quantitative
understanding of potential problems in each frequency band
of concern as well as to identify options available to
spectrum managers for dealing with these problems. One of
the primary reasons for initiating these- assessments is to
ensure identification of problems during the early phases of
design and planning rather than after-the-fact, i.e., after
a system has been designed and hardware fabricated. By
making these band assessments early, necessary actions can
be taken to assure that appropriate communication channels
are established between agencies whose systems are in potential
conflict. This will enhance the early identification of
solutions which are mutually satisfactory to all parties
involved.

A multiphase approach to the solution of the 2.7 to
2.9 GHz Spectrum Resource Assessment task has been taken by OT.

Phase I: The first phase involves the identification of
systems existing in and planned for the band in question,
determination of available technical and operational data

for each system, identification of the potential interactions
between systems, and the generation of a plan that leads to
an overall assessment of the bands' potential congestion.

A Phase I report (Reference 6) for the 2.7-2.9 GHz Spectrum
Resource Assessment has been completed.

Phase II: The second phase encompasses a quantitative analyses
of potential interactions between existing and planned radar
systems in eight designated congested areas. A measurement

and model validation program, and radar processing circuitry
investigation of existing and planned radars will be under-
taken to assure that the Spectrum Resource Assessment will

be based on the best available technical procedure. Findings
from these investigations will be applied to assess the degree
of congestion and spectrum-space utilization in the eight
designated areas. Potential congested areas will be identified,



and alternatives for meeting the specified planned deployments
will be provided either singularly or in combination.

Additional Phases: These phases would be conducted as
required. Additional periodic assessments will take into
account new inputs such as design or other system changes.
They will continue until satisfactory solution to the problem
is obtained or until the point where sufficient decisions have
been made such that further assessment is unnecessary.

This report is the first in a series of Phase II reports
related to the Spectrum Resource Assessment of the 2.7-2.9
GHz band. The nature of the 2.7-2.9 GHz spectrum resource
problem requires that a rigorous measurement and model vali-
daticn study be made in typical congested areas in order to
accomplish the objectives of the task. This report contains
measurements made in the 2.7-2.9 GHz band in the Los Angeles
and San Francisco areas, and compares the measured data with
radar-to-radar interference prediction models. Subsedguent
Phase II reports related to this Spectrum Resource Assessment
will include:

a. Preliminary Signal Processing Study
b. Investigation of Congested Areas and Band Efficiency
c. Phase II Summary Report

1.2 2.7-2.9 GHz BACKGROUND

During the period of August 1971 through April 1973,
the OTP/IRAC had under study the accommodation of DOD, FAA
and Commerce radar operations in the band 2.7-2.9 GHz. A
series of meetings were held between the agencies (Reference
7 and 8) to determine if the addition of new FAA air traffic
control radars to the band could be accommodated without
degrading their performance and what impact these radars
would have on the performance of the existing radars in the
band. An initial assessment of the problem (Reference 6)
determined that the addition of new radars to the band could
create a potential problem. To resolve the immediate problem
of accommodating the new FAA air traffic control radars, the
following actions were taken:

a. The band 3.5-3.7 GHz was reallocated to provide for
co-equal primary Government use by both the Aeronautical
Radionavigation and Radiolocation Services. A footnote
was appended to the allocation table, reading as follows:



Gil0 - Government ground-based stations in the
aeronautical radionavigation service may be authorized
between 3.5-3.7 GHz where accommodation in the 2.7-2.9
GHz k&érnd is not technically and/or economically feasible.

Agencies were requested to cooperate to the maximum extent
practicable to ensure on an area-by-area, case-by-case basis
that the band 2.7-2.9 GHz is employed effectively.

b., The FAA has stated that they plan to develop their
new dual frequency radars in the 2.7-2.92 GHz band and their
"low cost" radars in the 3.5-3.7 GHz band. It is expected
that compatibility problems may develop in certain geographical
areas in the band 2.7-2.9 GHz as the FAA implements its new
radar program.

c. The Spectrum Planning Subcommittee was tasked to
develop a long-range plan for fixed radars with emphasis on
the 2.7-2.9 GHz and 3.5-3.7 GHz bands. The SPS plan (Reference
9) has been completed and approved by the IRAC and forwarded
to OT.

1.3 2.7-2.9 GHz OBJECTIVE

In order to promote effective use of the band, OT has
been tasked to determine the electromagnetic compatibility
of present and future radars planned for deployment in the
2.7-2.9 GHz band for the eight congested areas identified in
Reference 9. The Phase I report (Reference 6) identifies
the overall objectives of this task in detail. The first
part of the Phase II program encompassed a detailed measure-
ment and model validation study in the Los Angeles and San
Francisco areas. The objectives of this extensive measurement
program were to:

1. Determine the relative contribution of each
input component model (i.e., propagation,
emission spectrum, antenna pattern, and
Frequency-Dependent-Rejection, FDR) to the
total error in predicting radar-to-radar
interference.

2. Verify predicted interference situations
through on-site investigations to determine
the accuracy of present radar-~to-radar inter-
ference prediction techniques.

3. Assess the present potential radar-to-radar



interference situation in the Los Angeles and
San Francisco areas.

The realization of these measurement objectives is
directly related to the future task objectives of:

1. Developing engineering and management aids to
assist the frequency manager in determining
the effect of placing future assignments in the
2.7 to 2.9 GHz band in areas where the environment
is already congested.

2. Determining if future radar deployments in the
Los Angeles and San Francisco areas (and the six
other designated congested areas) can be accommo-
dated using present band sharing criteria.

3. Developing a recommended methodology for determining
the spectrum-space utilization of the 2.7-2.9 GHz
band in the eight designated congested areas.

1.4 APPROACH

In order to accomplish the objectives related to the
measurement and model validation program in the Los Angeles
and San Francisco areas, the following approach was taken:

1. Assemble environmental information and pertinent
equipment characteristics on all radars within a 200
statute mile radius of the two locations. The environ-
mental information and pertinent equipment charac-
teristics were obtained from the GMF, FAA Western
Region Frequency Coordinator and DOD Western Area
Frequency Coordinator.

2. Select input component models (e.g., emission
spectrum, antenna pattern satistics, propagation,
and Frequency-Dependent—-Rejection, FDR) based on
the pertinent environmental information and equip-
ment characteristics.

3. Establish a degradation criteria, and use the
appropriate input component models and PPI simula-
tion model to predict potential radar-to-radar
interference situations in the 2.7-2.9 GHz band
in the Los Angeles and San Francisco areas.



9.

Make preliminary on-site measurements at several

Los Angeles and San Francisco area radar sites

to validate the accuracy of the predicted radar-
to-radar interference situations. This involved
raking video tape recordings of the PPI scope at

each radar site, and identifying the interferers

by using a pulse train separator or by their re-
spective bearing from the victim radar. A dis-
cussion of the measurement procedure and test plan

for the preliminary site visits is given in Appendix F.

Based on the preliminary site visits, make detailed
measurements at two radar sites in each area (one

FAA ASR-X radar and one GCA radar site) using the

Radio Spectrum Measurement System (RSMS). A dis-
cussion of the measurement plan and RSMS van measure-
ment system is given in Appendices F and G, respectively.

Compare the data obtained from the detailed measure-
ment program with the various input component models
used to predict potential radar-to-radar interference
to determine the error introduced by each component
model, the deficiencies of the models and also
possible use of alternative models.

Make closed system measurements on two radars:

(1) ASR-5 analog radar, (2) ASR-~7 digital radar.
The purpose of these measurements is to determine
the synchronous and non-synchronous pulse PPI MDS
level and the effects of the radar signal proces-
sing on the interfering signal.

Use the information obtained in steps 4 through 7
to assess the present potential radar-to-radar
interfererce electromagnetic environment in the
2.7-2.9 GHz band in the Los Angeles and San
Francisco areas.

Make a literature search to support the findings
resulting from the measurement program.

The findings and recommendations resulting from the Los
Angeles and San Francisco area measurement and model validation
study will be applied to develop engineering and management
aids, spectrum-space utilization methodologies, and frequency
assignment procedures for subsequent use in determining if
future planned deployments can be accommodated in the eight
designated congested areas. Tre results and findings of the
Phase II program related to these areas will be given in

subsequent reports.



SECTION 2

FINDINGS AND RECOMMENDATIONS

2.1 .INTRODUCTION

The findings and recommendations resulting from the Los
Angeles and San Francisco investigations have evolved from a
combination of on-site observations of radar PPI displays,

REME measurements, closed system measurements, ard a litera-
ture search. The information obtained from the on-site radar
PPI display observations was used to compare actual observed
interference situations with predicted interference. The

RSMS van measurements were used to determine the error intro-
duced by the verious component models used to predict potential
interference situations. Closed system measurements were made
to determine the non-synchronous pulse MDS level and the pro-
cessing of interfering signals for the various radar operational
modes.

2.2 FINDINGS

The measurement data and literature search information
obtained during the ILcs 2rgeles and San Francisco area investi-
gations were extensively analyzed. This led to the formulation
of the following findings, which are discussed in detail in
Sections 3 through 5 and Appendices A through E.

2.2.1 Los Angeles Environmental Observations

Ten of the eleven radar sites visited in the Los Angeles
area had some interference from other radars in the band on
their PPI display. The interference observed on the FAA radars
was generally very light. One military GCA (Ground Control
Approach) radar had very heavy interference on the PPI display.
Also three of the military range surveillance radars at Point
Mugu had very heavy interference on the PPI display. It should
be noted that the measurements were made with the FAA radars
operating on channels which resulted in minimum frequency sepa-
ration, and therefore maximum potential for interference. Closed
system measurements made during the Los Angeles investigation
revealed that the integrators on the analog radars (ASR-4,5,6)
do not suppress the level of interference. However, the ASR-7,
digital radar, enhancer did suppress the level of interference.
Considering all factors, it appears that frequency assignments
for the 2.7 to 2.9 GHz band radars deployed in the Los Angeles
area at the time of investigation have been engineered to the



extent possible to provide satisfactory air traffic control
operating conditions.

Information on planned deployment changes by 1984 in the
2.7 to 2.9 GHz band in the Los Angeles area indicates that
four radars are planned for removal from the band, six radars
scheduled to be replaced, and three new radars added to the
environment. A detailed outline of the planned band changes
identifying which radars have frequency diversity capability
is given in Table 4-5. Considering the degree of interference
observed in the Los Angeles area during the measurement program,
the present operational frequency assignments in the band, and
the planned deployment changes by 1984, it is apparent that a
detailed Spectrum Resource Assessment of the Los Angeles area
will be required to determine if known planned deployment
changes can be accommodated. The accommodation of planned
future deployments in the Los Angeles area will be investigated
and reported in a subsequent OT report.

2.2.2 San Francisco Environmental Observations

Interference was observed on the PPI display of all eight
of the radar sites visited during the San Francisco area in-
vestigation. There was no consistent heavy interference observed;
however, three of the FAA radars and one GCA radar were considered
to have a moderate amount of interference on their PPI display.
The frequency assignment of 2.7 to 2.9 GHz band radars in the
San Francisco area {See Table 5-3) shows that all the radars in
the San Francisco Bay are assigned to operate in the 2.7-2.8 GHz
band, and all the radars in the Sacramento area are assigned to
operate in the 2.8 to 2.9 GHz band. It is believed that the
mountain range between the San Francisco Bay and Sacramento
areas would reduce interference potential sufficiently to allow
utilization of the whole 200 MHz band in each area. The present
assignments do not take into consideration this factor. The
significance of this factor will be investigated and reported
in a subsequent report.

Information on planned deployment changes by 1984 in the
2.7 to 2.9 GHz band in the San Francisco area indicates that
five radars are planned for removal from the band, two radars
are scheduled to be replaced, and one new radar added to the
environment. A detailed outline of the planned band changes
identifying which radars have a frequency diversity capability
is given in Table 5-5. Since the present frequency assignment
of 2.7 to 2.9 GHz radars provides 100 MHz of unused band in the
San Francisco Bay and Sacramento area, it is believed that known
planned deployment changes by 1984 can be accommodated. A
detailed study of known planned deployment changes in the



San Francisco area in the 2.7 to 2.9 GHz band will be given in
a subsequent OT report.

2.2.3 Model Accuracies

One of the objectives of the Los Angeles and San Francisco
measurement program was to determine the error introduced by each
of the component models used to predict radar-to-radar interfererce.
The following is a discussion of the measurements made with the
RSMS van, and the findings relating to the accuracies of the
models used to predict radar-~to-radar interference.

2.2.3.1 Antenna Pattern Modeling

Limited measurements made during the Los Angeles and San
Francisco area investigation and a literature search led to
the formulation of the following findings related to antenna
pattern modeling:

1.0 Because of the dynamic nature of radar antennas (i.e.,
rotating and nodding) and differences in radar site
clutter conditions, a statistical description of
radar antenna characteristics is the most realistic
approach to radar antenna pattern modeling for pre-
dicting radar-~-to~radar interference.

2.0 Line-of-sight (free space) antenna pattern measure-
ments made during the Los Angeles and San Francisco
area investigations on cosecant squared elevation
type antennas had an averaged median sidelobe (3° to
25° and 335° to 357°) level of -7.0 dBi and standard
deviation of 3.3 dB. The average median backlobe
(25° to 335°) level was found to be ~12.8 dBi with
a standard deviation of 3.1 dB. Considering the
statistical antenna pattern data given in References
13 and 18, and the measured data resulting from the
Los Angeles and San Francisco investigation, it is
recommended that a median backlobe level of -13 dBi
with a standard deviation of 4 dB be used to model
the backlobe statistical characteristics of radio-
navigation radar antennas.

3.0 When predicting mainbeam-to-backlobe antenna coupling
interference, the nominal radar antenna mainbeam
gain should be adjusted to account for the reduction
of mainbeam gain on the horizon due to the antenna
tilt angle used to minimize clutter returns. Antenna
tilt argles associated with radars in the Los Angeles
and San Francisco areas varied from 2.75 degrees to



2.2.3.2

5.5 degrees, which results in mainbeam gain reduction
of 5 to 12 4B.

Antenna patterns of potential interfering radars
measured at the victim radar site revealed that line-

of-sight (free space) antenna pattern models will not
always result in realistic interferer pulse amplitude
distributions at the victim radar RF input. Propaga-
tion related phenomena, such as multipath wave inter-
ference arising from multiple scattering and diffrac-
tion of the waves by mountains, buildings and other
structures affect the interfering signal pulse ampli-
tude distribution at the victim radar RF input. The
effects of these propagation related pheomena are
dependent on the azimuthal position and pattern of
the victim and interfering radar antennas and,
therefore, are difficult to realistically represent
as separate models. Environmental antenna pattern
measurements (interferer antenna pattern measured

at the victim radar site) revealed the following
antenna-propagation related phenomena:

A. Apparent reduction of sidelobe and backlobe
radiation level relative to the mainbeam level
occurred on two measured paths. This was be-
lieved to be caused by radar site foreground
clutter attenuating the radiated spillover under-
neath and around the antenna reflector. This
phenomena occurred when there were low buildings
and trees between the radars, and no mountain
ranges between the interfering and victim radars
or in the vicinity. The apparent reduction in
sidelobe and backlobe level for the paths
measured was found to be approximately 6 dB.

B. Apparent broadening of the mainbeam and higher
backlobe levels of the interferer antenna pattern,
as seen by the victim radar. This propagation
related phenomena was measured over four paths
in the Los Angeles area where there were mountain
ranges between the victim and interfering radar
and also behind the interfering radar.

Emission Spectrum

Comparison of modeled emission spectra with measurements
conducted in the Los Angeles and San Francisco investigation,
and a literature search have led to the following findings
related to emission spectrum modeling:



1.0 A statistical comparison between measured and
modeled emission spectra indicated that the
average absolute mean difference between measured
and modeled emission spectra was 4.0 4B, and the
standard deviation between measured and modeled
emission spectra, 6.0 dB. The modeling accuracy
varied depending on the pulse width category of
the radar. The largest absolute mean (6 dB) and
gtcrderd ceviation (8 dB), between measured and
modeled emissions, occurred for 0.5 pusec pulse
width category radars. The smallest absolute mean
(2.6 dB) and standard deviation (4.0 dB) occurred
for the 0.8 psec pulse width category which in-
cludes FAA ASR radars.

2.0 The difference between modeled and measured emis-
sion spectra of radars with the same pulse width are

attributed to the following factors:

A. Magnetron Age

B. Modulating Pulse Shape

C. Magnetron Tube Type

D. Magnetron Anode Voltage and Current Setting

E. Magnetron Load

Since it is difficult to include the above factors
into a magnetron emission spectra model, it is
believed that the standard deviation of 6 dB
between measured and modeled emission spectra

may be the limit in obtainable accuracy of con-
ventional magnetron emission spectra modeling.

2.2.3.3 FDR Modeling

A statistical comparison of FDR computed from modeled IF
selectivities and emission spectra, and FDR computed from
measured IF selectivities and emission spectra, led to the
following findings:

1.0 Because of the slow fall-off rate of conventional
,magnetron emission spectra relative to normal radar
receiver IF selectivity characteristics, the Frequency-
Dependent-Rejection model accuracy is limited by emis-
sion spectrum modeling accuracy.

2.0 Radar frequency measurements in the Los Angeles and
San Francisco area indicate that radars are not always
operated exactly at their assigned frequency. The error
contribution to FDR predictions due to the uncertainty
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of frequency separation between transmitter (interferer)
and receiver (victim) can be significant for frequency
separations less than 10 MH=z.

Propagation Modeling

Comparison of predicted and measured propagation loss
over 20 paths in the Los Angeles and San Francisco area,
supported by an extensive literature search, led to the
following findings related to propagatlon loss predictions
and measurements:

-

1.0 A statistical comparison of the point-to-point

propagation model (Reference 14) loss predictions
with measurements over 13 Los Angeles nonducting
paths indicated that on the average, the measured
losses were 10 dB higher than predicted. The
average absolute difference between the predicted
and measured propagation losses was 12 dB. Factors
which are believed to have contributed to the
differences are:

A. Increased attenuation due to buildings and
man-made obstacles which were not included
in the prediction model and terrain data base.
Propagation loss measurements by researchers
(Reference 34,35) in suburban and urban environ-
ments have ranged from 12 to 50 dB below free
space, depending on the degree of building
congestion. Measurements over suburban area
paths, which constituted 80 percent of the type
radar-to-radar paths encountered in this in-
vestigation, were reported to be 12 dB below
free space loss.

B. Increased attenuation due to foliage is not
included in the model and terrain data base.
However, because the radar-to-radar paths
over which loss measurements were made did not
pass through heavy foliage, it is believed that
the contribution of error between predicted and
measured loss due to foliage was small relative
to other factors.

C. The point-to-point propagation model considers
only the terrain profile in the vertical plane
that cuts through the great circle line between
transmitter and receiver. Consequently, the
model does not account for multipath propagation,
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caused by mountain reflection and diffraction,
which may result in less loss than the direct
path. Even though potential multipath wave
interference conditions can be identified, it is
difficult to include this factor in the predic-
tion process in other than a general way since
multipathing is a function of the interferer
and victim radar antenna azimuthal positions
and the surrounding terrain. To account for
this analytically would require an extremely
complex terrain model.

The result of man-made clutter attenuation measure-
ments by Turin (Reference 35) were incorporated

into the San Francisco loss predictions. This
involved identifying the degree of man-made clutter
over the propagation path and adding the appropriate
loss in dB to the point-to-point model loss predic-
tion. However, for line-of-sight paths the loss for
man-made clutter was simply added to the free space
loss. The absolute mean difference between predicted
and measured propagation was 7 dB which was a 5 dB
improvement over Los Angeles area propagation loss
predictions. The algebraic mean difference was -3 dB
which was also an 1mprovement (7 dB) over Los Angeles
predictions.

Loss predictions by the area version of the propaga-
tion model were also statistically compared with
measurements. The point-to-point version of the
model had a lower average absolute prediction error
and standard deviation than the area version.

Superrefraction (ducting). conditions were found to
exist over one ocean path (from Miramar to Los
Alamitos) in the LosrAngeles area and two San
Francisco Bay paths (from: Oakland and Alameda to
Mountain View). The measured loss for the first
two paths were as much as 39 dB below the point-to-
point predicted loss. The measured loss for the
third path varied +25 dB relative to the predicted
loss, indicating that both ducting and radio holes
were likely present. Bean (Reference 54) reported
that during the summer months at San Diego and
Oakland, ducting occurs 50% of the time. Hitney
(Reference 43) states that radar range enhancement
occurs 30% of the time during the year in the off~
shore San Diego area.



5.0 The measured propagation loss as a function of
antenna height decreased more at some radar sites
than predicted. The degree of difference between
measured and predicted antenna height gain depended
on the density and proximity of clutter (trees and
man-made obstacles) around the radar site. The
measured propagation loss decreased 4 dB as the
receiving antenna was raised 15 feet on the sparsely
cluttered end of one path, and 11 dB on the densely
cluttered end of the same path. These measurement
results illustrated the importance of matching the
receiving antenna height to the radar antenna
in order to obtain accurate propagation loss measure-
ments. :

6.0 Propagation loss measurements revealed that moving
the physical location of the receiving antenna by
a few feet can result in received signal variations
as great as 4.5 dB. For this reason, propagation
loss measurements were conducted at more than one
position at each radar site to average out the
effect of signal level variation due to multipath.

7.0 It was evident from propagation loss measurement
differences between using the RSMS omni, cavity
back, and parabolic dish antennas, that measured
propagation loss is affected by the antenna beam-
width in a multipath environment. Antennas with
unlike patterns and beamwidth spatially weigh
incident multipath signals differently, which
affects the total power received by the antenna.
This illustrates the importance of using the
actual radar antenna, or at least a receiving
antenna whose beamwidth approximates the radar
antenna in the plane that multipathing is occurring.

2.2.4 Closed System Measurements

Closed system measurements were made on an FAA ASR-5
(analog) radar and FAA ASR-7 (digital) radar. The objective
of these measurements was to determine the nonsynchronous
pulse PPI display MDS level and the radar interfering signal
processing characteristics. Both the radar PPI display and
"A" scope were monitored during these closed system measurements
while various radar modes and fixes were turned on and off.
These measurements resulted in the following findings:

1.0 Analog radars similar to the FAA ASR-4, ASR-5
and ASR-6 have a nonsynchronous pulse PPI display



Minimum Discernible Signal (MDS) level at an INR
of 10 dB for both the normal and MTI modes and
in the integrated MTI mode. The 10 dB INR cri-
terion is where the interference is clearly
visible, not at the point when the interference
is just causing speckling on the PPI display
which occurs at an INR of approximately 4-6 dB
for both normal and MTI modes.

2.0 The integrator on the FAA analog radars (ASR 4,5,6)
does not significantly suppress nonsynchronous
pulse interference. With the integrator on,
approximately 1 or 2 dB more interfering signal
power was required for the interference to become
just visible on the PPI display. However, the
interference was clearly visible with the inte-
grator on at an INR of 10 dB. The analog inte-
grator did enhance synchronous pulses by approxi-
mately 6 dB.

3.0 Closed system measurements made on a digital
radar (ASR~7) indicated that nonsynchronous pulse
interference was clearly visible on the PPI display
at an INR of 10 dB for both the normal and MTI
modes with the enhancer (integrator) off. With
the enhancer on, the interference was significantly
reduced. That is, for interfering signal levels
as high as -60 dBm, pulse width range of .5 usec
to 30 usec, and frequency separation of AF=0
interference was significantly reduced on the PPI
display. However, there were some interfering
signal PRF's (not including synchronous PRF)
which did result in light interference on the
PPI display. The dependence of interference on
PRF will be investigated in a subsequent report.

2.2.5 Frequency Assignment Factors

As a result of the 2.7 to 2.9 GHz band investigation con-
ducted in the Los Angeles and San Francisco areas, factors were
discovered which are not normally considered in making frequency
assignments. These factors included: ducting, decreased
magnetron lifetime when operating at the edges of the 2.7 to
2.9 GHz band, and building attenuation.

Discussions with the FAA Western Region Frequency Coordi-
nator and measurements made with the RSMS van in the Los Angeles
and San Francisco area confirm the necessity to include ducting
phenomena, when appropriate, in determining frequency assignments.



As previously mentioned, ducting can cause as much as 39 dB
less propagation loss than predicted by normal diffraction

loss theory. The ducting phenomena motivated the FAA to assign
frequencies to radars, within 20 miles of Los Angeles, 30 MHz
above the San Diego area Miramar ASR-5 radar upper channel fre-
quency of 2720 MHz.

Also, discussions with the FAA revealed that certain
manufactured 5586 magnetron tubes have inherently short
lifetimes when operated near the 2.7-2.9 GHz band edge, even
though the manufactured tuning range is specified as 2.7-2.9 GHz.
Consideration of this factor will be given in a subsequent OT
report. The previous discussion on the finding and effects
related to building attenuation amplifies the necessity to
include a building attenuation factor in the predicted propa-
gation path loss.

2.2.6 Interference Prediction Capability

The main objective of the Los Angeles and San Francisco
area measurement program was to assess the ability to predict
radar-to-radar interference. Measured data taken during the
investigation indicates that the standard deviation between
modeled and measured data was 4 dB for antenna pattern backlobe
level, 6 4B for emission spectrum/FDR, and 8 dB for propagation
loss incorporating a building attenuation factor. For these
three component models used to predict radar-to-radar inter-
ference, an estimate of the total standard deviation (o) would
be 10.7 dB since the models are independent. The worst case
limit that typically needs to be considered is the 20 region
which implies the predicted INR will not differ from the actual
INR by more than 21.4 4B 96% of the time. Due to uncertainties
in redar signal processing, plus the additional 10.7 dB standard
deviation associated with antenna patterns, emission spectrum/
FDR, and propagation loss, it appears that the interference
pattern on the victim radar PPI display cannot always be
accurately predicted. However, due to the inherent charac-
teristics of the mutual antenna gain distribution, INR errors
of approximately 25 dB can occur, but still result in relatively
accurate predictions of interference patterns of the victim
PPI display for conditions where mainbeam-to-backlobe antenna
coupling predominates, which is the most common type of inter-
ference antenna coupling that occurs in a radar environment.
(See Figure 3-1 and Table 3-1).

2.2.6.1 Los Angeles Area Investigation

For the 11 radar sites visited during the preliminary radar
site measurements, there were 27 predicted interference cases
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of mainbeam-to-backlobe coupling. The total number of actual
observed interference cases during the preliminary site visits
was 21. Of the 21 observed cases, there were 17 predicted and

4 unpredicted. Therefore, 63 percent of the predicted interferers
were observed on the victim PPI display, and 19% of the observed
interferers were unpredicted. The 4 unpredicted cases were due
to multipath phenomena. Most of the predicted interference
cases that were observed were not of the periodic nature that
was predicted. Therefore, in general, most of the interference
predictions were pessimistic when compared to the actually
observed interference.

It was estimated that in most cases the predicted inter-
fering signal power levels were approximately 10 to 20 4B too
high. The difference between predicted and actual interference
signal power level can be generally attributed to the statistical
nature and biases associated with the antenna and propagation
related variables that were not initially included in the models.
Based on measurements made during the Los Angeles investigation
and information obtained from a literature search, empirical
modifications to the propagation model to include building
attenuation and to the antenna model were made and incorporated
in the interference prediction technique used in the San Francisco
investigation.

2.2.6.2 San Francisco Area Investigation

For the eight radar sites visited during the San Francisco
area preliminary radar site measurements, there were 13 predicted
interference cases of mainbeam~to-backlobe antenna coupling.
However, due to some of the radars being inoperative during the
preliminary radar site measurement program, only 9 predicted
interference cases could be verified. All 9 of the predicted
interference cases that could be verified were observed during
the preliminary site visits. There was also one case of un-
predicted interference. Therefore, 100 percent of the predicted
interferers were observed on the victim PPI display, and 10%
of the observed interferers were unpredicted. In general, the
predicted form of the interference on the PPI display was close
to the actual observed interference with the exception of two
cases where the interference was lighter than predicted, and
one case where the interference was much heavier than predicted.
The disagreement between observed and predicted interference
for these three cases was attributed to the radars operating
on frequencies other than their assigned frequency.

The San Francisco area investigation showed a significant
improvement over the Los Anglees area investigation in the
correlation between predicted and actual observed interference.



This improvement was attributed to empirical modifications
to the interference prediction model.

2.2.6.3 Summary of Interference Prediction Capability

As a result of the extensive measurement program conducted
in the Los Angeles and San Francisco areas, it was concluded
that the statistical variations in antenna patterns, emission
spectrum/FDR, propagation loss and signal processing parameters,
that are inherently present, make it extremely difficult to
make precise predictions of the interference on the PPI display.
However, it is possible to provide a range of interference PPI
display patterns, which for many cases may appear tc¢ have nearly
identical operational impact. In effect, the analytical radar-
to-radar interference techniques used in this investigation
can be used to:

l. Assess congestion

2. Determine the EMC of new radar systems

3. Evaluate alternate assignment plans

4. Develop spectrum engineering and management aids
5. Develop a spectrum-space metric for determining

band efficiency.

2.3 RECOMMENDATIONS

Considering the findings resulting from the Los Angeles
and San Francisco area measurements, the literature search,
and overall Spectrum Resource Assessment objectives, it is
recommended that the following action be taken to improve
radar—-to-radar EMC prediction and analysis techniques, and
procedures required for assessment of band efficiency and
potential congestion:

l. Additional analysis or closed system measurements
should be made to investigate interfering signal
processing properties of existing and planned radar
deployments in the 2.7 to 2.9 GHz band. This in-
vestigation should also include interfering signal
processing characteristics of proposed new post
processing equipment such as the RVD-4, ARTS-III
Enhancement program and other new developments such
as the Moving Target Detector (MTD) radar presently
under consideration by the FAA. Findings from the
analysis should then be incorporated in the various
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radar-to-radar interference prediction models
for improved prediction capability.

2. Additional analysis and measured data be obtained
on emission spectra of ASR-8 radars which employ
klystron output tubes, and height finding radars
(AN/FPS 6 and 90), which reportedly will use
tunable coaxial magnetrons.

3. Follow-up of the two on-going efforts* to establish
controller performance keyed PPI degradaticn criteria
to enable objective assessment of interference con-
ditions.

Information obtained from the results of the above
recommendations, and findings of the Los Angeles and San
Francisco area investigations will be incorporated in the
radar-to-radar interference prediction model (s) and techniques
to assure that the overall Spectrum Resource Assessment of
the 2.7 to 2.9 GHz band is based on sound technical procedures.
The established technical procedure to predict potential
radar-to-radar interference will then be applied in the eight
designated congested areas to assess the accommodation of
future radar deployments in the 2.7 to 2.9 GHz band, and as
frequency management aids to assist OTP and other government
agencies in achieving efficient spectrum management.

* Controller performance keyed PPI degradation studies are
currently being conducted by the FAA at NAFEC and ECAC at

CALSPAN.



SECTION 3

INTERFERENCE PREDICTION TECHNIQUE

3.1 INTRODUCTION

The following is a discussion of the method used to
predict potential radar-to-radar interference during the 2.7
to 2.9 GHz band investigation conducted in the Los Angeles
and San Francisco areas. The first step in predicting potential
radar-to-radar interference situations involved calculating the
interference-to~noise ratio (INR) at the victim radar receiver
IF output. These predicted INR values were then used to
determine the potential radar-to-radar interference conditions.
Once potential radar-to-radar interference conditions were
identified (INR 10 >dB), a PPI Simulation Program (Reference 12)
was used to predict the pattern of the interference on the
victim PPI display.

3.2 INR CALCULATION

The INR values were calculated for victim receiver main-
beam to interferer backlobe coupling conditions. That is, the
interference should appear on the PPI display when the victim
antenna is pointing in the direction of the potential interferer.
A three-level victim and interferer antenna pattern model
described in Appendix A was used to predict the interference.
The emission spectrum, FDR and propagation loss models used to
predict interference are discussed in Appendices B, C and D,
respectively. The INR for each radar in the environment was
calculated using the nominal characteristics of the victim
and interfering radars and the following equation:

.. = + + - - R.. - N. 3-1
INle PTi GTi Grj LPij FD i i ( )
Where: P = The peak transmitter power of the ith radar,
Ti in dBm
Gp = The interﬁering antenna median backlobe level
i of the ith radar (-10 dBi, Reference 13)
G = The nominal mainbeam gain of the jth radar
i minus correction factor for antenna tilt

angle (mainbeam gain -5 to -12 dB), in dBi

-~
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Lp = Median propagation path loss exceeded 50% of
ij the time. Determined using RAPIT point-to-
point model (Reference 14), in dB

FDR = The frequency-dependent-rejection between the
ith transmitter and the jth receiver, in dB

Nj = Victim receiver inherent noise level, in dBm.

Once potential radar-to-radar interference situations
were identified (INR > 10 4B), the PPI simulation model was
used to predict the form which the interference would appear
on the victim PPI scope. The interference-to-noise ratio
criteria of 10 dB was obtained from Reference 47, and was
used for both the Los Angeles and San Francisco investigation.
During the Los Angeles investigation, closed system measure-
ments on an analog radar (ASR-5) and a digital radar (ASR-7)
were made to verify the interference threshold criteria. It
was found that nonsynchronous interfering pulses were just
perceptible on the PPI display at an INR of approximately 6 dB
and clearly visible at an INR of 10 dB.

3.3 PPI SIMULATION MODEL

The concept of the PPI simulation program is that
interference will appear on the victim PPI or RHI scope if
the interfering signal level exceeds the victim receiver
threshold criteria. One input parameter to the PPI simula-
tion program is the required mutual antenna gain to exceed
the interference criteria. This mutual antenna gain thres-
hold level is given by:

G + G > - P

15 ry 2 7; * Imax * FDRyy + LPij + P (3-2)
Where,

IMAR = (%) + Ny
and,

GTi + Grj = Mutual antenna gain between victim and

interference antennas, in dB relative to
an isotropic antenna (dBi).

IMAX = Maximum allowable interfering power at victim
receiver input before the victim receiver
interference criteria level is exceeded, in dBm.



() = Victim receiver interference criteria,l0 dB.

Peak power loss of interfering signal due to
special radar signal processing circuitry, in dB.

g
=
N

Present PPI Simulation Program limitations are that the dis-
plays produced by the program are static in nature. That is,
the model does not take into account the complete statistical
variations in the victim and interferer antenna patterns since
the program only displays the interference for one scan of the
victim antenna. A similar PPI Simulation Program is being
developed on the HP 8500 minicomputer which uses the graphics
display to give a dynamic presentation of the interference

as it would appear on an actual PPI display. The new PPI
Simulation Program will use Monte Carlo techniques to simulate
the antenna pattern of the victim and interferer radars. The
antenna patterns used in the PPI Simulation Program for the
Los Angeles and San Francisco investigation are shown in
Figures A-~21 and A-22 in Appendix A for the victim and inter-
fering radars, respectively.

Figure 3-1 shows sample PPI Simulation Program runs for
mutual antenna gain threshold ranges of +20.0 dBi to -18.8 dBi.
These runs were made to determine the variations in degree of
interference on the PPI display to parametric variations in
predicted propagation loss and FDR. The victim and interfering
radar parameters were held constant with only the mutual antenna
gain threshold being varied. The relative bearing of the inter-
ferer from the victim is 97 degrees.

The calculated mutual antenna gain threshold (Equation
3-2) can be related to the mean percentage of the PPI scope
covered by interference per scan. A mutual antenna gain
probability distribution (Figure A-23) was calculated by
convolving the victim and interfering antenna gain probability
distributions shown in Tables A-2 and A-3 for the antenna
patterns used in the PPI Simulation Program. Using the mutual
antenna gain distribution shown in Figure A-23 for two of
the Los Angeles area FAA radars, a mutual antenna gain of 5 dBi
would indicate that the interference criterion would be ex-
ceeded approximately 3% of the time which implies that on the
average 3% of the scope or 10.8° (.03 x 360°) of the PPI
display would have interference. Table 3-1 shows a comparison
of predicted percentage of PPI scope covered by interference
using Figure A-23 and the PPI Simulation Program. The data
taken from the mutual antenna gain distribution and the PPI
Simulation Program are in close agreement considering the
fact that the PPI simulation program is static in nature,
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and does not perform a true convolution of the victim and
interfering antenna patterns.

The mutual antenna gain threshold is a function of the
propagation path loss between the victim and interfering
radars and victim receiver Frequency-Dependent-Rejection (FDR).
Therefore, changes in the mutual antenna gain threshold can
be interpreted as representing variations in the prediction
error of the propagation loss and FDR models. A study of
Table 3-1 shows that the degree of interference on the PPI
scope can be divided into several regions:

a. Region 1 (Mutual antenna gain threshold level
between +30 dBi and +20 dBi): This region of
mutual antenna gain threshold level can be de-
fined as transition region 1 where the inter-
ference is very infrequent and random in nature
and only occurs for mainbeam-to-major sidelobe
coupling of the victim and interfering antennas.

b. Region 2 (Mutual antenna gain threshold level
between +20 dBi and -5 dBi): In this region
the interference is periodic in nature from
scan to scan. The degree of interference on
the PPI display is also approximately the same
over the 25 dB range in mutual antenna gain
threshold level. This mutual antenna gain
threshold region occurs for mainbeam-to-backlobe
coupling of the victim and interfering- radars.

c. Region 3 (Mutual antenna gain threshold level
between -5 dBi to =15 dBi): This region of
mutual antenna gain threshold level is defined
as transition region 3. In this region, the
degree of interference changes from light strobes
of interference to interference covering approxi-
mately 70% of the PPI display. This sharp change
in degree of interference over a small mutual
antenna gain threshold range is due to the thres-
hold coupling level changing from mainbeam-to-
backlobe coupling to backlobe-to-backlobe coupling.

d. Region 4 (Mutual antenna gain threshold level <
=15 dBi): In this region the level of interference
is approximately constant and covers a significant
portion of the PPI display. This region is defined
as the backlobe-to-backlobe coupling region. )




TABLE 3-1

PERCENT OF PPI DISPLAY COVERED BY INTERFERENCE

% of Display Covered by Interference

MUTUAL ANTENNA
GAIN THRESHOLD Mutual Antenna Gain PPI Simulation Program
Distribution (Figure A-18)

25.0 0.1 0.0

20.0 0.5 1.0 (FPigure 3-1a)
15.0 1.2 1.7 (Figure 3-1B)

5.0 2.4 3.5 (Figure 3-1C)
-5.0 6.0 6.3 (Figure 3-1D)
-15.0 40.0 34.7 (Figure 3-1E)
-18.8 61.7 60.5 (Figure 3-1F)




In summary, in predicting the form of the interference
on the PPI display, a total error of approximately + 10 4B
in the propagation and FDR models can still result in a
relatively accurate display of the interference if the pre-
dicted and actual mutual antenna gain threshold fall within
the center of Regions 2 or 4. However, if the predicted and
actual mutual antenna gain threshold level falls within the
transition regions 1 or 3, a significant difference between
predicted and actual observed interference can result due to
the high sensitivity in these regions to errors in the propa-
gation and FDR models.

The antenna patterns shown in Figures A-21 to A-22 are
line-of-sight. In order to predict the actual degree of
interference on the PPI display, the incorporation of environ-
mental effects on the interferer's antenna pattern as seen by
the victim radar is required in the mutual antenna gain dis-
tribution. These environmental effects are propagation related
phenomenon, and are discussed in detail in Appendix A.



SECTION 4

LOS ANGELES AREA INVESTIGATION

4.1 INTRODUCTION

This section discusses the investigation and measurement
program conducted by OT in the Los Angeles area to assess the
capability and techniques used to predict radar-to-radar inter-
ference, and to make refinements to the prediction model. The
investigation was made during the period of February to July
1975 with measurements being conducted from May 26 to June 8, 1975.
The environment included all radar deployments in the 2.7 to
2.9 GHz band within 200 statute miles of Los Angeles. Included
in this section is a comparison between predicted and actual
observed interference at 11 radar sites visited in the Los Angeles
area, and environmental observations. A detailed comparison of
the measured data taken during the investigation with the various
component models used to predict radar-to-radar interference is
given in Appendices A through E.

4.2 ENVIRONMENT OF 2.7~2.9 GHz BAND

The environment for the Los Angeles area was determined
from three sources: 1) Western Area DOD Frequency Coordinator
(Reference 11), 2) Western Region FAA Frequency Manager (Refe-
rence 10), and 3) Government Master File (GMF). Comparison was
made of the environmental lists received from the three sources,
and differences resolved by contact with the area frequency
coordinators. It was determined that there are a total of 23
radars within a 200 mile radius of Los Angeles operating in the
2.7-2.9 GHz band. Table 4-1 lists the location, nomenclature,
and function of these radars. Figure 4-1 shows the location
of these radars on a Los Angeles area map. The equipment
characteristics of the radars are given in Table 4-2.

During this Los Angeles area investigation, the RSMS van
was used to verify the freéquency assignments obtained from
the area coordinators. Most of the radars in the area were
found to be coperating within a few megahertz of their assigned
frequency, with the exception of the following radars:

Radar # Assigned Frequency Operating Frequency
; (MHz) (MHz)
14 (San Nicolas Is.) 2866 2882.5
15 (Santa Cruz Is.) 2871 2883.1
16 (Laguna Pk.) 2880 2886.8



TABLE 4-1

LOCATION OF 2.7-2.9 GHz RADARS
IN LOS ANGELES AREA

RADAR
NO. CITY/BASE NOMENCLATURE LATITU
Present FAA Airport Surveil
l L.os Angeles Int. ASR-4 33 57
2 Los Angeles Int. ASR-7 33 55
3 Burbank ASR-6 34 12
4 El Toro* ASR-5 33 39
5 Ontario ASR-5 34 03
6 Long Beach ASR-5 33 49
7 Edwards AFB** ASR-5 34 52
8 Miramar *** ASR-5 32 52
Present Navy Ground Control
9 Lemoore ASR-5 36 20
10 San Diego North Is. CPN-4 32 41
11 San Clemente Is. CPN-4 33 01
12 Los Alamitos CPN-4 33 47
Present Navy Range Clearance
13 Point Mugu ASR~7 34 07
14 San Nicolas Is. APS-20 33 14
15 Santa Cruz Is. APS-20 33 59
16 Laguna Peak APS-20 34 06
Present A.F. GCA Radars
17 Vandenberg AFB MPN~14 34 43
18 Norton AFB MPN-13 34 05
19 George AFB MPN~14 34 35
20 March AFB MPN-13 33 53
Present A.F. Tracking Radars
21 Edwards AFB MPS-19 34 56
Present A.F. Height Finding
22 Cambria FPS-6 35 31
23 San Pedro Hill FPS-90 33 44

*Joint FAA-MC use
**Joint FAA-AF use
***Joint FAA-N use

DE:

lance Radars

12 118 24
57 118 24
15 118 21
46 117 42
15 117 35
09 118 08
22 117 54
29 117 08

Approach Radars

44 119 54
48 117 12
02 118 35
17 118 02
Radars
06 119 07
57 119 31
40 119 37
28 119 03
42 120 34
45 117 14
54 117 23
04 117 15
43 117 54
Radars
21 121 03
48 118 20

LONGITUDE:

00
23
14
43
41
16
38
23

18
45
05
57

25
16
56
51

31
12
02
34

45

46
09
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FIGURE 4-1 LOCATION OF RADARS IN THE 2.7-2.9 GHz BAND IN THE LOS ANGELES AREA



TABLE 4-2

CHARACTERISTICS OF 2.7-2.9 GHz RADARS IN LOS ANGELES AREA

[ - ENT. ENTONIA
1z SITV/3NSE FOUILAmND NISIGNTD | PTAK JOUTPUT NOISE| ANT. ANT. |TILT SCrn | SCOPE |SITE
Pons NOAENCLATURE (f RUQJENCY | POVLR | TUBE P.W. PRF Il Bw| LEVLCL| GAIN EGT. [ANGLE RATE | RANGE |ELV.
[ {z) (Gw) ) TYPS | (pS) | (PPE) {(MHz) (asm) | _(ag) (ET) vy [ e P (FTLY
i Ls: “ngeles 2750~
LopoIrs. ASD-4 2760 450 | 55867 | 533 810 2.4 -106 34 28 | 3.0° 13 €0 116
Srag~
Los Lnveles 2850- gered
| 2 1 -« ASR-7 2860 425 | DX276 | .833 352 12.7,5% ! -105 34 50 [_3.5° 15 60 115
2745- ) -
2SR-6 279 400 | 5586* 1 833 | 1125 {2.7,5%| -106 34 62 1 _3.5° 10 69 723
. 2730- . ’ - ) o
hSP-5 2720 600 { 5586 .833 | 780 12.7,5*%| =106 38 44 1 _3.5° 13 €0 404
2810~ " - . . ISR P .
PSR-5 2520 500 | 5386 .833 900 {2.7,5% | =~106 34 53 | '3.5° 12 50 995
2770- . - i
1874 | 2e 500 ] 5586 .833 | 820 [2.7,5%| -19¢ 34 26 | _3.7%° i3 | -60 50
: N - 2870~ + . - N
Zen=5 - 2086 400 §ox276 ) .833 1140 2.7,5* | -106 34 26 1 is_|. 60 2350
N 2710~ + -
2AER-5 2720 400 5586 -833 | 700 {2.7,5%} -106 34 60 | 13 60 451
2890~ ;
7e7~5 2510 <00 $5586 ) .833 | 700 }2.7,5%| -106 | 34 351 13 | _so 235
IN/CPN-4 { 2780 600 ] 5586 .5 | 1500 |2.25 -102 31 14 | 3.75° 29 30 24
Normal and MTI IF BW, respectively

TZA ASR radars may use 5586, DX276 ox QK1643




TABLE 4-2 CONTINUED

CHARACTERISTICS OF 2.7-2.9 GHz RADARS IN LOS ANGELES AREA

T ] I\E‘TE‘\!N:‘\." ANTIIVNA
i‘ FQUIPHENT ASSIGNLD PLCAK OUTPUT NOISC ANT. ANT., JTILT SCAM | SCOPC S8IIE
-’; 2 CITY/LASE NOMENCILATURE T'REQUENCY POWER TUBE P.W. | PRF IF Pw | LEVEL GATIN HGT. (ANGLE RATZ | RATGE FIV.
T (MHz) (k) TYPE (us) (PPS) (1 2) {dBm} (&B) (FT.) (REM) (M) (F2.)
Sa.. Clemente -
11 Is AN/CPN-4 2800 600 5586 .5 1500 2.25 -102 31 13 20 30 180
iz Log Rlaritos EN/CPN-4 23G0 600 5586 .5 1200 2.25 -102 31 14 3.0° 20 30 35
. T Tags I T
N . gered
L3 Point “ugo 1.8R-7 2862 400 DX2761 .833 1002 |2.7.5*% -105 34 29 2.75° is 60 13
S.rn .1colas
L 14 Is. AI/BPS-20 2856 1000 4531 {2.0 359 1.0 -111 30 28 10 200 £eo
1= L L
Santa Cruz
s T, AN/APS-20 2871 1000 4531 {2.0 309 1.¢ -111 30 35 10 200 5S¢
pR Laguaa Teak AN/rDPE-20 23880 1000 4531 12.0 311 1.0 -111 30 20 2.75° 10 200 2¢
1? Va-dcnbarg AT3 AN/MPN-14 2793 750 5586 .7 1100 2.26 ~-10€ 32 14 15 Y 1480
4+ + -1- -
1% Narton ArB AN/MPN=-13 2797 750 8798 .7 1100 2,26 -106 32 18 4,257 15 30 1103
10 George ATE AN/MPN-14 2800 750 5586 .7 11c0 2.26 -106 32 17 3.25° 15 3¢ 2875
20 March AFE AN/MEN=~-13 2802 750 8798 .7 1100 2,26 ~-106 32 16 5.3° 15 30 15¢7
— = - I B k.
2% Edwards AFB AN/MPS-19 2801 325 5586 .8 20004 3.0 -105 37 26 0-2G 2350
—_=1 L L L 4
7.% RT
22 )} Cambria 1 _AN/FPS-6 2785 5000 | __6410a12.0 3281 .8 -106 | 3% 45 N.A. [20~-30CvY 200 sar
7.5 RPM
123 San Pedro Hill _LVAN/FPS—QO 2835 5000 QK327A} 2.0 370 | .8 -108 L 39 45 N.A. [20~30CP}. 2CO 143

* Normal and MTI IF Bw respectively.




The airport surveillance radars are assigned to operate
in a 10 MHz band. These dual-channel radars usually operate
the "A" channel 1 or 2 MHz above the lower end of the 10 MHz
band, and "B" channel 1 or 2 MHz below the upper end. The
FAA standard procedure is to switch to alternate channels on
a 24-hour rotaticnal basis. As a result of operating procedure,
both channels were analyzed separately for potential interference.

All the radars in the Los Angeles environment employ a
conventional tunable magnetron output tube with the exception of
radars 14, 15, 16 and 22 which employ fixed magnetron output
tubes. Table 4-3 shows the operational frequency range, and
the assigned frequency of the radars in the Los Angeles environ-
ment. Additional information on the magnetron tube employed in
each radar, and the magnetron tuning range is discussed in
Appendix B.

4.3 COMPARISON OF PREDICTED AND OBSERVED INTERFERENCE

The following is a comparison of the interference that
was observed during the 2.7-2.9 GHz spectrum resource assess-
ment measurement program in the Los Angeles area and predicted
interference. The Los Angeles area measurement plan consisted
of a two-phase investigation. The first phase involved pre-
liminary radar site measurements which consisted of on-site
verification of predicted interference. Potential interference
situations were identified by using the parametric information
listed in Table 4-2 and applying Equation 3-1. Table 4-4
shows predicted radar coupling situations where the calculated
INR was greater than 0 dB. Only worst case (minimum frequency
separation for dual channel radars) INR's are shown in the
table for coupling with or between FAA ASR radars. Actual
predicted interference situations are those cases listed in
Table 4-4, where the INR > 10 dB. For those cases where the INR
was greater than 10 dB, the PPI Simulation Program was run to
determine the form of the interference on the victim PPI scope.

The second phase involved detailed measurements using
the RSMS van instrumentation to determine why predicted
interference did not appear on the PPI display or why unpre-
dicted interference appeared on the PPI display. The detailed
measurements made are discussed in Appendices 2 through D.
Appendix E gives a detailed discussion of the predicted and
observed interfersnce at two radar sites using the measured
data discussed in Appendices A through D to explain the
differences between predicted and observed interference.
Ippendix F gives a general outline of the Los Angeles area
measurement plan, and Appendix G discusses the RSMS instru-
mentation used in the Los Angeles area radar measurements.
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TABLE 4-3

FREQUENCY ASSIGNMENT INFORMATION OF 2.7-2.9 GHz RADARS IN LOS AMNGELES AREQA

RADAR 0. FAA AIRPORT SURVDILLAYCE RADARS
RS | Crr SO SORSE T | W [ N § N | G ) B R | D Y A ] e Y
—m e s Int. ASP-4 9 ® —1-
2 Los Angeles Int. ASR-7 |& — .
3 Burbank ASR-6 vie Y S Y S
[ 2 L1 Toro ASR-5 ¢ v ¢ -
|5 Ontario ASR~5 b *, >
L 6 Long Beach AST~3 ;4
7 f.dwards AFB ASR-5 (¢ r ¢
o 1i ramax GR~5 ¢ Y__¢ “ —
HWAVY GROUND CONTROL APTROMCH TEDARS
- -F‘ RS ) SR | s ﬂ?ﬂf!}ﬂ!ﬂ'ﬂ I ) R
Lemoore CIUNL TN PV IS (SN FRANG W DU pUNNN RN NG P )=ttt — —_t Y
- o — v w— —— — — —— p Ee— — r"— s B m—— N — — —
San Diego North Is. CPN-4 v | [
e e o § e § e § e b e § e e d e e o — L el ek e L] bk Ll ek ek
San Clemente Is. CPN-4 i v »
OR[N QUG (U PUNINEDS DU JUY FNNY S A, g .4 USSR (Y AN U N Y
Los Alamitos epn-4 f W1l d || & t=y—1=*__1l_1_ —ll
NAVY RANGE CLEARMICT RADARS
T s i i S NN SN e s
Point :tugu 4 ﬁﬂ = —1= :ﬁ: :5:'!._ _.?_.
] 14 San Nicolas 1Is,. AAPS~20 < v »
—_—d e T TP YRS WY [ (G YRS U . g | S .
: 15 Santa Cruz Is. ADPS~20f |~ —{—l—{—t=1-t—t—{—1—1~1— e sl | g v 4
T T F2ero e ) ) A O ) 5 58
AIR FORZL GUOIINN CONTTOT, APPROACH RADADRS
el 1 TR = v ﬁﬂ N g B i s n.u !FE n & “
Vandenberg AFB MPN~14 b
wWorton AFB MPN~13 ] e ] 4T »
Goorge AFB T MPN=14, . i 11___ -~ — I R O O
Harch AFB MpPN-13| N —=Tv I 1 111
AIR
s
—
23 k% San Pedro Hill FPS-9C v >
FROQULNCY 2,70 2.75 2.8 2.85 2,90
Radar Operating Range «f———yp~-
Assigned Frequency A ¥
Assigned Frequency B e

* Magnitron Operating Range 2750-2860 MHz
** Magnitron Tuning Range 2700-2850 MHz
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INR For Victim Radar Mainbeam Coupling with the Interfering Radar Backlobe

TABLE 4-4

VICTIM RECEIVER INTERFERENCE RADAR
RADAR F RADAR lNR
NO CITY/BASE HOMENCLATURE NO CITY/BASE KOLIENCLATURE
1 Los Angeles Int. ASR-4 23 San Pedro FPS-90 13.4
1 Los Angeles Int. ASR-4 2 Los Angeles Int, ASR~7 21.6
1 Los Angeles Int. ASR-4 4 El Toro - ASR-5 9.4
1 Los Angeles Int. ASR-4 6 Long Beach ASR-5 12.3
2 Los Angeles Int. ASR~7 1 Los Angeles Int. ASR-4 21.9
2 Los Angeles Int. ASR-7 15 Santa Cruz Is. AN/APS-20 12.4
2 Los Angeles Int. ASR-7 23 San Pedro Hill AN/FPS~-90 39.7
3 Burbank ASR-6 14 E1l Toro ASR-~5 0.6
3 Burbank ASR-6 6 Long Beach ASR-5 8.7
3 Burbank ASR-6 12 Los Alamitos AN/CPN-4 8.5
4 E1l Toro ASR-5 1 Los Angeles Int, ASR-4 18.9
4 El Toro ASR-5 3 Burbank ASR-6 7.7
4 E1l Toro ASR-5 6 Long Beach ASR-5 4.8
4 El Toro ASR-5 12 Los Alamitos AN/CPN-4 14,7
4 El Toro ASR-~5 23 San Pedro Hill AN/FPS-90 11.2
5 Ontario ASR-S 18 Norton AFB AN/MPN-15 12.2
5 Ontario ASR-5 23 San Pedro Hill AN/FPS-90 . 21.5
6 Long Beach ASR-5 1 Los Angeles Int, ASR-~4 10.3
6 Long Beach ASR-5 3 Burbank ASR-6 11.8
6 Long Beach ASR~5 4 El Toro ASR-5 14.8
6 Long Beach ASR-5 12 Los Alamitos AN/CPN-4 50.7
6 Long Beach ASR~5 23 San Pedro Hill AN/FPS-90 27.1
7 Edwards AFB ASR-5 21 Edwards AFB AN/MPS-19 14.2
8 Miramar ASR-5 4 El Toro ASR-5 0.5
12 Los Alamitos AN/CPN-4 6 Long Beach ASR-5 25.5
12 Los Alamitos AN/CPN-4 23 San Pedro Hill AN/FPS-90 26.2
13 Point Mugu ASR-7 15 Santa Cruz Is. AN/APS-20 16.1
13 Point Mugu ASR-7 16 Laguna Peak AN/APS-20 50.8
14 San Nicolas Is. AN/APS~20 15 Santa Cruz Is. AN/APS-20 59.8
14 San Nicolas Is. AN/APS-20 16 Laguna Peak AN/APS-20 33.6
15 Santa Cruz Is. AN/APS~20 14 San Nicolas Is. AN/APS-20 57.8
15 Santa Cruz Is. AN/APS-20 16 Laguna Peak AN/APS-20 60.8
1 1




INR For Victim Radar Mainbeam Coupling with the Interfering Radar Backlobe

TABLE 4-4 Continued

[

VICTiIM RECEIVER INTERFERENCE RADAR
’ 1 IN
mﬁa CITY/BASE NOMENCLATURE R‘&‘R | CITY/BASE NOMENCLATURE R
15 Santa Cruz Is. AN/APS-20 23 San Pedro Hill AN/FP8-90 0.8
16 Laguna Peak AN/APS-20 13 Point Mugu ASR~7 34.8
16 Laguna Peak AN/APS-20 14 San Nicolas Is. AN/APS-20 31.6
16 Laguna Peak AN/APS-20 15 Santa Cruz Is. AN/APS-20 50.8
17 Vandenberg AFB AN/MPN-14 22 Cambria AN/FPS-6 29.1
i8 Rorton AFB AN/MPN-15 5 Ontario ASR~5 19.4
20 March AFB AN/MPN-13 5 Ontario ASR-5 1.7
21 Edwards AFB AN/MPS-6 7 Edwards AFB ASR-5 21.4
21 Edwards AFB AN/MPS-90 19 George AFB AN/MPN-14 3.4
22 Cambria AN/FPS-6 17 Vandenburg AFB AN/MPN-14 29.9
23 San Pedro Hill AN/FPS-90 2 Los Angeles Int. ASR~7 19.3
23 San Pedro Hill AN/FPS-90 5 Ontario ASR-5S 7.3
23 San Pedro Hill AN/FPS-90 6 Long Beach ASR-5 17.9
23 San Pedro Hill AN/FPS-90 12 Los Alamitos AN/CPN-4 21,6
23 San Pedro Hill AN/FPS-90 15 AN/APS-20 0.8

Santa Cruz Is.




4.3.1 Preliminary Radar Site Measurements

The purpose of these measurements was to verify predicted,
interference situations to the extent that the live environment
conditions and parameters used to predict the interference
existed. This set of measurements was not comprehensive with
the main objective to compare predicted interference with the
live environment conditions for 11 victim radar sites. These
measurenents were made during normal operation of air traffic
control.

During the preliminary radar site measurements, the victim
radar's controls were set as follows:

MTT: OW
NORMAL: OFF
Stagger: OFF
Integrator: ON and CFF
Polarization: Circular

FAA radars in the Los Angeles area operate in the MTI
mode for full PPI scope range and with integrators on all
the time. However, the radar receivers are generally aligned
such that the integrator is used to enhance desired target
returns, and not to suppress interference. Measurements
made during the investigation show that radars with analog
integrators (ASR-4, 5 and 6) did not suppress interference.
However, the ASR-7 radar at Los Angeles International Airport,
with a digital integrator, significantly suppressed the
interference. ‘

The following is a discussion of predicted and observed
interference. The predicted interferers for each victim are
listed in Table 4-4 with INR's > 10 dB.

Los Angeles ASR-4 - Predicted interferers for the Los
Angeles ASR-4 radar were:

Radar Interferers Victim INR
Freq. (MHz) Freq. (MHz) (dB)

San Pedro

AN/FPS5-90 2835 2758 13.4

Los Angeles

ASR-7 2852 2758 21.6

Long Beach

ASR-5 2772 2758 12.3



There was no identifiable interference from the Long Beach
ASR-5 radar. However, interference was observed from the Los
Angeles ASR-7 and San Pedro AN/FPS-90 radars at their respec-
tive bearings from the Los Angeles ASR-4. Interference from
these two radars was infrequent and random, and was not
periodic as predicted. The interfering strobes from the ASR-7
were approximately 5° wide. The interfering strobes from

the AN/FPS-90 were 3° wide.

Los Angeles ASR-7 - Predicted interferers for the Los
Angeles ASR-7 were:

Radar Interferers Victim INR
Freq. (MHz) Freq. (MHz) (dB)

Los Angeles

ASR-4 2758 2852 21.9
San Pedro

AN/FPS-90 2835 2858 39.7
Santa Cruz Is.

AN/APS-20 2883 2858 12.4

Interference from the Los Angeles ASR-4 did appear on both
channels of the ASR-7 at approximately the bearing of the

Los Angeles ASR-4 radar. However, the interference was very
infrequent and random in nature. Measurements made with the
RSMS van indicate additional propagation loss due to building
attenuation and also shielding of the backlobes of the ASR-4
antenna pattern due to foreground clutter, may be factors which
contributed to the lack of predicted veriodic interference.
Interference was also observed on both channels from the San
Pedro AN/FPS-90 radar. The interference was seen over sectors
of 30° to 180° indicating that the interference was occurring
when the height finder was nodding approximately in the direc-
tion of the Los Angeles ASR-7. Interference from the Santa
Cruz Is. AN/APS-20 was not observed during the measurement
period. It should also be noted that the ASR~7 is a digital
radar which has the capability of suppressing interference
when operating in the enhanced mode which is used 100% of the
time on this radar.

Burbank ASR~6 - There were not any predicted interferers
for the Burbank radar with an INR greater than 10 dB. However,
frequent interference was observed from the San Pedro AN/FPS-90

radar (Predicted INR = -8.0 dB) when the Burbank radar was
operating on both the low channel (2883 MHz) and the high
channel (2893 MHz). The San Pedro radar is at a bearing of

182° from Burbank, but the interference was observed in a
sector of 330° to 180°. lMost of the interference from the



San Pedro radar occurred when the Burbank radar was pointing
in the direction of a mountain range to the north and north-
east of Burbank. This tended to indicate that the San Pedro
signal was being reflected off the mountain range. Measure-
ments were made with the RSMS van to verify this multipath
phenomena and are discussed in Appendix D.

Ontario ASR-5 —--Predicted interferers for the Ontario
ASR-5 were:

Radar Interferers Victim INR
Freg. (MHz) Freg. (MHz) (dB)
Norton
AN/MPN-13 2801 2810 12.5
San Pedro
AN/FPS-90 2835 2818 - 21.5

A few interfering strobes were identified from the Norton
AN/MPN-13 radar at approximately 66°, the bearing of the
Norton radar, when the Ontario ASR-5 was operating on the

low channel (2810 MHz). However, these strobes were infre-
quent and only occurred in a 2° sector. During these measure-
ments, the San Pedro AN/FPS-90 radar was not operating.
Therefore, potential interference from the AN/FPS-90 was not
verified during these measurements.

Long Beach ASR-5 - Predicted interferers for the Long
Beach ASR-5 were:

Radar Interferers Victim INR
Freq. (MHz) Fregq. (MHz) (dR)

Los Angeles

ASR-4 2758 2772 10.3

El1 Toro ASR-5 2738 2772 14.8

San Pedro

AN/FPS~90 2835 2777 27.1

Burbank ASR-6 2788 2777 11.8

Los Alamitos

AN/CPN-4 2801 2777 50.7

Identifiable interference from the Los Angeles ASR-4 and

El Toro ASR-5 radars was not observed on the PPI display while
the Long Beach radar was operating on the low channel. Inter-
ference from the San Pedro AN/FPS-90 was observed on both
radar channels. The interference from the San Pedro AN/FPS-90
would appear over 30° sectors randomly over the PPI display
and not always at the bearing of the height finder. These



30° sectors of interference were most likely occurring when
the height finder was nodding in the direction of Long Beach.
Interference from the Burbank ASR-6 was also observed at the
bearing of the Burbank radar (319°) on both radar channels.
The interference from the Burbank radar appeared on the PPI
display approximately 1 out of 5 scans and covered approxi-
mately a 3° sector. Interference from Los Alamitos AN/CPN-4
radar was only observed on the Long Beach high channel and
was infrequent. When the interference was observed, it
appeared over a 10° sector. Interference to the Long Beach
radar is discussed in more detail in Appendix E.

El Toro ASR-5 =~ Predicted interferers for the El Toro
ASR-5 were:

Radar Interferers Victim INR
Freq. (MHz) Freq. (MHzZ) (dB)
Los Angeles
ASR-~-4 2752 2738 18.9
I,os Alamitos
AN/CPN-4 2801 2738 14.8
San Pedro
AN/FPS-90 2835 2738 11.2

The E1 Toro PPI display was observed for one¢ hour during which
there was no observed interference.

Los Alamitos AN/CPN-4 - Predicted interferers for the
Los Alamitos AN/CPN-4 were:

Radar Interferers Victim INR
o Freq. (MHz) Freq. (MHZ) (dB)
San Pedro

AN/FPS-90 2835 2801 25.5
Long Beach

ASR-5 2777 2801 26.2

Interference was observed from the San Pedro AN/FPS-90. When
the height finder was not nodding in the direction of Los
Alamitos, the interference from the San Pedro AN/FPS-90 radar
covered approximately a 5° sector. When the height finder

was nodding in the direction of Los Alamitos, the interference
covered approximately 3/4 of the PPI display. The interference
from the San Pedro radar was of a periodic nature. During the
measurements at Los Alamitos, interference from the Long Beach
ASR-5 was not identified. However, interference was identified
from three unpredicted radars: Ontario 2SR-5, Norton AN/MPN-13,



and March AN/MPN-13. Interference from these radars was
caused by multipathing of the interfering signal through a
nountain range between the victim and interfering radars.

The interference from these radars was frequent and appeared
blurred on the PPI display due to the multipathing phenomena.
Measurements documenting the multipath phenomena were made
and are discussed in Appendix A. A more detailed discussion
of the interference at this site is given in Appendix E.

San Nicolas Is. AW/APS-20 ~ Predicted interferers for the
San Nicolas Is. AN/APS-20 radar were:

Radar Interferers Victim INR
Freq. (MHz) Freq. (MHz) (dB)
Santa Cruz Is.
AN/APS~20 2883 2882 59.8
Laguna Peak
AN/APS-20 2886 2882 33.6

Interference from the Santa Cruz and Laguna Peak AN/APS-20
radars was observed on the San Nicolas Is. AN/APS-20 PPI display.
The interference from the two radars covered most of the PPI
display as predicted. The AN/APS-20 radars are used at the
Point Mugu NAS as missile range surveillance radars and DOD

is able to perform their missions with heavy interference

on the PPI display.

Santa Cruz.Is. AN/APS-20 - Predicted interferers for the
Santa Cruz AN/APS-20 radar were:

Radar Interferers Vietim INR
Freq. (MHz) Freq. (MHz) (dB)
San Nicolas Is.
AN/APS-20 2882 2883 57.8
Laguna Peak
AN/APS~20 2886 2883 60.8

Interference from the San Nicolas and Laguna Peak AN/APS-20
radars was observed on the Santa Cruz Is. AN/APS-20 PPI display.
The interference from the two radars covered most of the PPI
display as predicted.

Laguna Peak AN/APS-20 - Predicted interferers for the
Laguna Peak AN/APS-20 radar were:




Radar Interferers Victim INR

Freq. (MHz) Freq. (MHz) (dB)
Point Mugu
ASR-7 2862 2886 34.8
San Nicolas
AN/APS-20 2862 2886 31.6
Santa Cruz
AN/APS-20 2383 2886 50.8

Interference was observed from the three predicted interferers.
The interference from each of the predicted interferers covered
most of the PPI display as was predicted. The AN/APS-20 radars
at Point Mugu will be replaced, by March 1976, with the
AN/FPS-114 radar which operates in the 2890-3110 MHz band. The
AN/FPS-114 radars most likely will not be operating in the
2.7-2.9 GHz band.

Norton MPN-13 - Predicted interferers for the Norton AFB
AN/MPN-13 radar were:

Radar Interferers Victim INR

) Freqg. (MHz) Freq. (MHz) (dB)
Ontario

ASR-5 2810 2800 19.4

Interference was observed from the Ontario ASR-5 radar. How-
ever, it was not at the bearing of the Ontario ASR-5 radar
(246.6°). The interference came in at bearings from between
Z85° to 10° magnetic. It was not determined whether the
interference randomly coupled in through the Norton AN/MPN-13
antenna backlobe from the Ontaric ASR-5 mainbeam or was being
coupled in by reflections off the San Bernadino Mountains.
One factor which may have contributed to unpredicted random
interference is that the Norton AN/MPN-13 antenna has a tilt
angle of 4.25° which was assigned by the FAA. This increase
in antenna tilt angle will cause about 3 dB decrease in main-
beam gain.

San Pedro AN/FPS-90 - Predicted interferers for the San
Pedro AN/FPS-90 radar were:

Radar Interferers Victim INR
Freq. (MHz) Freqg. (MHz) (dB)
Los Angeles ASR-7 2852 2835 19.3
Long Beach ASR-5 2777 2835 17.9
I.os Alamitos
AN/CPN-4 2801 2835 21.6



The AN/FPS-90 only has a dicke fix operating mode. Interference
was observed from the Los Angeles ASR-7 when the height finder
is nodding at bearings of 320°-345°. The interference appears
on each nod at low elevation angles of the radar antenna.
Interference from the Long Beach ASR-5 was not positively
identified on the RHI display. FHowever, an unidentified
interference source was observed on one occasion. The pre-
liminary site visit to the AN/FPS-90 was made on a Saturday
when the Los Alamitos AN/CPN-4 radar is normally shut down.
Therefore, potential interference from the Los Alamitos
AN/CPN-4 could not be verified.

4.3.2 Summary of Observed and Predicted Interference

For the 11 radar sites visited during the preliminary
radar site measurements, there were 27 predicted interference
cases of mainbeam-to-backlobe coupling. The total number of
actual observed interference cases during the preliminary site
visits was 21. Of the 21 observed cases, there were 17 pre-
dicted and 4 unpredicted. Therefore, 63 percent of the pre-
dicted interferers were observed on the victim PPI display,
and 19% of the observed interferers were unpredicted. The 4
unpredicted cases were due to multipath phenomena. Most of
the predicted interference cases that were observed were not
of the periodic nature that was predicted. Therefeore, in
general, most of the predicted interference was pessimistic
when compared to the actually observed interference.

It wae estinmated that in most cases the predicted inter-
fering signal power levels were approximately 10 to 20 dB too
high. The difference between predicted and actual interference
signal power level can be generally attributed to the statis-
tical nature and bias associated with the antenna and propa-
gation related variables not included in the models. Based on
measurements made during the Los Angeles investigation and
information obtained from a literature search, empirical
modifications to the antenna and propagation model were made
and incorporated in the interference prediction technigque used
in the San Francisco investigation. These empirical correction
factors to the models are discussed in detail in Section 5 and
Appendices A, B and D.

4.4 ENVIRONMENTAL OBSERVATIONS

It is difficult to make a quantitative assessment of the
cdegree of congestion in the Los Angeles area without the
establicshment of controller performance-keyed PPI degradation
criteria. PPI degradation test programs are currently being



conducted by ECAC at Calspan (Reference 15) and FAA at NAFEC
(Reference 16). An informal working group consisting of OT,
ECAC and the FAA has been established for this task. The

fact that 10 of 11 radar sites visited had some form of
interference on the PPI display indicates that potential con-
gestion does exist. Considering all factors, it appears that
frequency assignments for the 2.7-2.9 GHz band radars deployed
in the Los Angeles area at the time of the investigation are
engineered to the extent possible to provide satisfactory air
traffic control operating conditions.

Information on planned deployment changes in the 2.7 to
2.9 GHz band in the Los Angeles area was obtained from the
various government agencies (References 48 through 50), and is
given in Table 4-5. The AN/APS-20 radars used as range
clearance radars are planned for removal by March 1976. These
range clearance radars are planned to be replaced by AN/FPS-114
radars which operate in the 2890-3100 MHz band, and most likely
will not operate close to the 2.7-2.9 GHz band. There are
three radars planned for replacement by AN/GPN-12 radars which
are identical to an ASR-7. Also, there are three radars
scheduled to be replaced by ASR-8 radars which have a dual
frequency diversity capability. The ASR-5 radar planned for
replacement at Long Beach by an ASR-8 will be relocated at
Palm Springs. The height finding radars (AN/FPS-6, 90),
planned for deployment in the area at Mt. Laguna and Paso Robles,
are scheduled to be part of the joint FAA/DOD surveillance
system. The height finding radar at Cambria is planned to
be phased out once the joint FAA/DOD surveillance system be-
comes operational.

The FA2 has indicated that due to ducting problems from
the Miramar radar, the lower portion of the band cannot be
utilized in the Los Angeles area. When assigning frequencies
to the new dual frequency diversity radars (ASR-8) planned
as replacement units at San Clemente Island and North Island,
the ducting phenomena will also have to be taken into con-
sideration. Another factor required for consideration in
making frequency assignments is the reported decrease in con-
ventional magnetron tube lifetime when the radars operate at
the band edges of the 2.7-2.9 GHz band.

Taking into consideration the above frequency assignment
factors needed to be considered, the information obtained during
the measurement program, and the known planned environment
changes listed in Table 4-5, it is apparent that a detailed
Spectrum Resource Assessment of the 2.7 to 2.9 GHz band in the
Los Angeles area is required. Accommodation of these planned
deplcyments in the 2.7 to 2.9 GHz band in the Los Angeles area
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TABLE 4-5

PLANNED ENVIRONMENT CHANGES IN THE LOS ANGELES AREA BY FY 84

PRESENT PLANNED
CITY/BASE LATITUDE/ AGENCY ACTION RADAR RADAR DATE
LONGITUDE
33 49 09 *
| Long Beach 118 08 16 FAA Replace ASR-5 ASR~R FY 76
33 49 00
| Palm Springs 116 31 00 FAA New None ASR~5 FY 76
33 14 5%
| San Nicolas Is. 118 31 16 Navy Remove AN/APS-20 None . FY 76
33 59 40
| Santa Cruz Is, 119 37 56 Navy Remove AN/APS-20 None FY 76
34 06 28
| _Laguna Peak 119 03 51 Navy Remove AN/APS-20 None FY 76
33 01 02
San Clemente Is.| 118 35 05 Navy Replace AN/CPN~4 ASR-8 % FY 81
San Diego 32 41 48 *
| North Is. 117 12 45 Navy Replace AN/CPN-4 ASR-8 FY 78
34 35 54
George AFB 117 23 02 Air Force| Replace AN/MPN-13 AN/GPN-12 FY 77
33 53 04
| March AFB 117 15 34 Air Force| Replace AN/MPN-13 AN/GPN~-12 FY 77
34 43 42
| Vandenberg AFB 120 34 31 Air Force| Replace AN/MPN-13 AN/GPN-12 FY 78
32 52 32
Mt. Laguna 116 24 51 Air Force| New None AN/FPS~-6,90
35 23 42
Paso Robles 120 21 12 Air Force| New None AN/FPS-6,90
35 31 21
Cambria 121 03 46 Air Force| Remove AN/FPS-6 Nope ]

* Frequency Diversity Capability




to assess potential congestion will be studied in detail in
a subsequent OT report.
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SECTION 5

SAN FRANCISCO AREA INVESTIGATION

5.1 INTRODUCTION

This section discusses the investigation and measurement
pProgram conducted by OT in the San Francisco area to assess the
capability and techniques used to predict radar-to-~radar inter-
ference, and to make refinements to the prediction model. The
investigation was made during the period of August to December
1975 with measurements being conducted from November 3 to
November 17, 1975. The environment included all radar deploy-
ments in the 2.7 to 2.9 GHz band within 200 statute miles of
San Francisco. Included in this section is a comparison
between predicted and actual observed interference at eight
radar sites visited in the San Francisco area, and environmental
observations. A detailed comparison of the measured data taken
during the investigation with the various component models used
to predict radar-to-radar interference is given in Appendices A

through E.

5.2 ENVIRONMENT OF 2.7-2.9 GHz BAND

The environment for the San Francisco area was determined
from two sources: 1) Western Region FAA Frecuency Manager
(Reference 51), and 2) Government Master File (GMF). Com-
parison was made of the environmental lists received from the
two sources, and differences resolved by contact with the
area frequency coordinator. It was determined that there are
a total of 21 radars within a 200 mile radius of San Francisco
operating in the 2.7 to 2.9 GHz band. Table 5-1 lists the
location, nomenclature and function of these radars. Figure 5-1
shows the location of these radars on a San Francisco area map.
The eqguipment characteristics of the radars are given in Table 5-2.

During this San Francisco area investigation, the RSMS van
was used to verify the frequency assignments obtained from the
area coordinators. All the radars in the area were found to be
operating within a few megahertz of their assigned frequency.
However, the operation of a radar not listed in the GMF or the
FAA area coordinator list was discovered. An actual site visit
verified the operation of an AN/FPS-90 at Mt. Tamalpais by the

Air Force.

All the radars in the San Francisco environment employ a
tunable conventional magnetron output tube with the exception



LOCATION OF 2.7-2.9 GHz RADARS

TABLE 5~-1

IN SAN FRANCISCO AREA

RADAR
NO. CITY/BASE
Present FAA
1 Monterey
2 Fresno
3 Sacramento =*
4 Mountain View **
5 Marysville
6 Oakland
Present
7 Lemoore
8 Vallejo
9 Alameda
Present
10 Monterey
Present
11 Travis AFB
12 Castle AFB
13 Mather AFB
14 Beale AFB
15 Hayward ANG
Present
16 Cambria
17 Almaden
18 Almaden
19 Point Arena
20 Mt. Tamalpais
Present
21 Sacramento

NOMENCLATURE

LATITUDE

LONGITUDE

Airport Surveillance Radars

ASR-3
ASR-4
ASR-4
ASR-5
ASR-5
ASR-7

36
36
38
37
39
37

Navy Ground

ASR~5
MPN-5
MPN-11

36
38
37

35
46
39
25
07
42

16
51
56
38
49
23

121
119
121
122
121
122

50
43
24
00
27
13

Control Approach

20
05
47

44
06
23

119
122
122

Navy Tracking Radars

APS-20
AF

FPN-55
FPN-47
MPN-13
MPN-15
MPN-13

36 35 52

GCA Radars

38
37
38
39
37

16
22
33
08
40

08
34
51
12
00

AF Helght Finding

FPS-6

MPS-14
FPS-90
FPS-90
FPS-90

35

37
37
38
37

31
09
09
53
55

21
38
38
19
45

121

121
120
121
121
122

Radars

121
121
121
123
122

NOAA Weather Radars

WSR-57

* Joint FAA-AF use
*¥** Joint FAA-N use

38 35 00

121

54
16
19

52

54
33
17
26
07

~Aa

a3
53
53
32
35

29

25

58
03
19
00
00

46
47
47
55
20

00
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TABLE 5-2

CHARACTERISTICS OF 2.7-2.9 GHz RADARS

IN SAN FRANCISCO AREA

b -‘r T -‘r -~
ANT. RNTENNA
EQUIPMLNT PSSIGNED | PEAK | ouTPUT ) P.W. PRF | IF Bw | NOISE } ANT. ANT. TILT SCAN |scopE | SITE
NOMENCLATURE |FREQULNCY {FOWER TUBE (u8) (PPS) | (MHz) LEVEL | GAIN HGT. ANGLE | RATE [RANGE | ELV.
(11:2) (Kiv) TYPE i 1 {dbm) | (@B) (Ft.) (REM)] o) | (FT.)
2850~ . ;
ASR-3 28¢€0 500 5586 1.0 1185 2.0 -107 34 30 15 60 254
1 + + + + +
285C- .
FER-4 2860 425 5586 .833 840 2.7,5% -106 34 30 13 60 332
+ 4 + 4+ + + +
i 286C~
I - | sacramenco ASR-4 2370 425 | ssse*| .833] se10 | 2.7,5| -106 | 34 26 3.00 | 15 60 79
¢ h - -;r - -( —
2750~
Mowata.n View ASD-3 2140 400 p¥276" L8331 1125 ] 2.7,5% -106 34 26 3.0° is 690 g
"'__' T e - .- 4
i 2840- i i
3 Lrssviile JSR-5 1830 400 55867F 833} 830 2.7,5% -106 34 26 13 60 95
1 27’)0_ stag-‘ - - .~ -
¢} Gexland ASk=7 2730 400 (276" 833} 9%5%C { 2.7, 5« 34 60
L~ joectand {52 1 DXz -833 1002 | 2:7:% -105 26 3,00 ] 15 | 9
2800~
7 Lrmoore ASP-5 2310 400 5586 .833 700 | 2.7,5% -106 34 35 13 I €0 235
p— 1 - R + - E
15 or
< Valiejo Ay /iPi-5 ] 2800 350 .8 1100 1.5 -100 33 14 37 50 5
f— 1 T -+ + +
& | Alarcda AN/LIPN-11 2800 600 5586 .5 1500 2.25| =102 33 14 3.5° 20 30 15
[o— + + L -
10 | Monterey 2N/APS-20 2880 750 2.0 300 1.0 -111 30 30% ie 200 46
* Normel end MTI IF Bw, respectively
* FAA ASR xadars may use 5586, DX276 or QK1643




TABLE 5-2 Continued

CHARACTERISTICS OF 2.7-2.9 GHz RADARS IN SAN FRANCISCO AREA

2La. PNTENNAT

% EQUIPMENRT assicnep| prax } ouTpui] P.w. PRP TF Bw { NOISE | ~NT. | Awt. TILT sChN | score

24 CITY/BASE NOMENCLATURE | FRCQUENCY| POWER TUBE | (uS) (PPS) (MHz) } LEVEL } GRIN | HGT. ANGLE | RATZ |RranGE

ZZ (MHz2) (KW) TYFL (GBm) (&B) (Ft. R oy
— L i i

11 |Travis AFB 1b..w/ppr:”ss 2800 400 8798 | -€33 | 900 :2.7,57| -1c2 | 34 26 £.a50 | 13 60
o T 4+

12 lcastle AFB AN/FPN-47 2825 400 5586 .833 | 900 2.7,5%| -106 34 26 4.0° 15 €0

1s |Mether Are pi./p-13 2800 750 5586 .7 1100 2,26 -106 32 14 3,50 15 ~e

14 scale iFB 20 /MEN-15 28090 750 ﬁ .7 1100 2.26 -106 22 1% 5.5¢ 15 30

13 1haywaxa ANG (721 /MPN-13 | 2800 1 750 8798 .7 1100 2.26__§ -106 32 14 3.75° 15 30
7.5 RT

16 Jcameria \N/TES-6 2785 =006 6410A2.0 328 1.0 ~106 39 45 N.A, 0-30CI.{ 200
7.5 =77

17 Nlrafar > a1 /nips-14 1 2793 5000 OK327LT2.O 275 1.0 | 106 39 59 N.A. N -30CT 208
7.5 RE:

18 2lmaden 711/FPS-90 2780 5000 +QK327A_'2.0 275 1.0 =106 39 50 N.A. o-3ocr.\l 200
— = - + -
7.5 RP:

12 |Po.nt Arana AN/FPS-90 2805 5000 |0K3271]2.0 328 1.0 | -106 39 39 N.A. o-30cr 200
7.5 RD:

~n Vt. Taralvais AN /FPS-50 2740 5000 JOK327A}12.0 3586 1.0 | -106 39 N oA 6-30CP: 200
0.5 545 fa.s -100 Torosse

21 |secramento 1SR-57 2890 500 Jok729 l1.0 164 10.75 | <108 | 36 lasa n.a. | EI¥- | 230

* Nerral and MTI IF Bw respectively.



of radars 10, 16 and 21 which employ fixed magnetron output
tubes. Table 5-3 shows the operational frequency range, and
the assigned frequency of the radars in the San Francisco
environment. Additional information on the magnetron tube
employed in each radar, and the magnetron tuning range is
discussed in Appendix B.

5.3 COMPARISON OF PREDICTED AND OBSERVED INTERFERENCE

The following is a comparison of the interference that
was observed during the 2.7-2.9 GHz spectrum resource assess-
ment measurement program in the San Francisco area and pre-
dicted interference. The San Francisco area measurement plan
consisted of a two-phase investigation similar to the investi-
gation conducted in the Los Angeles area.

The first phase involved preliminary radar measurements
which consisted of on-site verification of predicted interference.
Potential interference situations in the San Francisco area
were determined by calculating the INR at the victim radar
receiver IF output using Equation 3-1 with the following
empirical correction factors:

1. Gp, = =13 dBi, based on measurements made in the
1 Los Angeles investigation.

2. Lp,. = RAPIT point-to-point model plus correction
13 fectecr for building and structure attenua-
tion (discussed in Appendix D).

3. I = Insertion loss of both victim and interfering
radar. A 2 4B insertion loss was used at
both ends (Reference 31).

The above modifications to the INR calculation procedure are
discussed in detail in Appendices A and D. Table 5-4 shows the
predicted radar coupling situations in the San Francisco environ-
ment where the calculated INR was greater than 0 dB. For dual
channel radars (FAA ASR radars), only worst case (minimum fre-
quency separation for dual channel radars) INR's are shown in
this Table. As in the Los Angeles investigation, the actual
predicted interference situations are those cases listed in
Table 5-4 when the INR > 10 dB. Also, as in the Los Angeles
investigation, the PPI Simulation Program was run to determine
the form of the interference on the victim PPI display.

The second phase of the San Francisco area investigation
was similar to the Los Angeles area investigation. The RSMS



TABLE 5-3

FREQUENCY ASSIGNMENT INFORMATION OF 2.7-2.9 Gliz RADARS IN SAN FRANCISCO AREA

TRA ATRIOPT QUNUTITT A 1T SRomox
> N i | ) % RO N A B f T
1 sionterey ACR=-3 " 13
[ 2 Fresno ACR-4 y )
ol Sacramento ASR-4 ¢ V_;l_- —rs
4 Mountain View AGCR~5 y
5 Harvsville ACR-5 <+ Y »
6 Oakland ASR-7 - ¢ i
NAVY GROUND CONTROT, APPROACH RADARS
Lenoore ASR~5 < —
8 Valleio MPN-5 SN (NN SN SO NS SN QU NUNN o.om ol do I N
9 Alameda MPN-11 N U DD DU T U D B e pum (e . N
NAVY TRACKTING RADMRS
o | ) O I R O T O O ) R )
Thionterev APS-20 I _1_T_T___T__I_ - __l__ _T_ —_—
FORCT GRYIMD CANTRAT, 3APTPAACT] PAD PG
- e o AR | B oA S 4,_:553@.—3.%;5.%5:&%
1
Castle AFB FPN-47 v -
llather AFB see-13 L F f L L Tl ey e
Beale AFB MPN-15 ————-—-——-'—-L———-—-—-—-——— —-‘—L—-r—
15 Havward ANG FiPiT-13 SN U GO D N P N ooy qoh e . FNY DR VRN AUSN U U NN SN
FORCT, II]?TGHT FINDING RADR™RS
: E SR B G I 1 A SR ;
16 * CandsXla FP5-6 v
- Almaden * 11PS-14 v
| 13 ** Almaden FPS-90 \ 4
19 Point Arena FPS-90 v
| 20 v, Taaalnais FPS-90_ ¢ \d

[ Lucranento ISR-57

FAUATTTINT
UrIogUDNCY

2l

Radar Operating Range St~
Assiqgned Frequency A ¥
Assigned Frequency B ®
* Magnitron Operating Range 2750-2860 MHz
** Magnitron Tuning Range 2700-2850 MHz



INR For Victim Radar Mainbeam Coupling with the Interfering Radar Backlobe

TABLE 5-4

VICTIM RECEIVER

INTERFERENCE RADAR
r ,

f INR
RA;;“ CITY/BASE NOMENGLATURE R?:R CITY/BASE NOMENCLATURE
. | r o
1 Monterey ASR-3 10 Monterey AN/APS-20 18
3 Sacramrento ASR-4 21 Sacramento (. 5us WSR-57 30
3 Sacramento ASR~4 21 Sacramento (4us) WIR-57 21
4 Mountain View ASR-5 17 Almaden AN/MPS-14 22
4 Mcuntain View ASR~5 18 Almaden AN/FPS-90 32
4 Mountain View ASR-5 20 Mt. Tamalpais AN/FPS-90 23
5 Marysville ASR-5 14 Beale AFB AN/MPN-15 30
6 Oakland ASR-7 9 Alameda AN/MPN-11 0
) Oakland ASR-7 20 Mt. Tamalpais AN/FPS=-90 38
8 vVallejo AN/MPN-5 9 Alameda AN/MPN-11 1
9 Alameda AN/MPN-11 8 Valleijo AN/MPN=-5 7
9 Alameda AN/MPN-11 15 Hayward Al /MPR-13 33
9 Alameda AN/MPN-11 17 Almaden AN/MPS-14 21
9 Alameda AN/MPN-11 18 Almraden AN/FPS-90 9
10 Monterey AN/APS-20 1 Monterey ASR-3 22
11 Travis AFB AN/FPN-55 8 vallejo AN/MPN~-5 1
11 Travis AFB AN/FPN-55 13 Mather AFE AN/MPN-13 26
13 Mather AFB AN/MPN-13 11 Travis AFB AN/FPN-55 21
13 Mather AFB AN/MPN-13 14 Beale AFR AN/MPN-15 10
14 Beale AFB AN/MPN-15 11 Travis AFB AN/FPN-57 1
14 BReale AFB AN/MPN-15 13 Mather AFB AN/MPN~-13 190
14 Beale AFB AN/MEN-15 5 Marysville ASR-5 30
15 Hayward ANG AN/MPN-13 17 Almaden AN/MPS-~14 15
17 Almaden AN/MPS~14 4 Mountain View ASR~5 0
17 Almaden AN/MPS-14 9 Alameda AN/MPN-11 20
17 Almaden AN/MPS-14 15 Havward AN/MPN-13 25
17 Almaden AN/MPS-14 20 Mt. Tamalpais AN/FPS-90 7
18 Almaden AN/FPS-90 6 Qakland ASR-7 4
18 Almaden AN/FPS-90 15 Heyward ANG AN/MPN-13 16
18 Almaden AN/FPS-90 9 Alameda AN/MPN-11 13
18 Almaden AN/FPS-90 20 Mt. Tamalpais AN/FPS-90 0
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INR For Victim Radar Mainbeam Coupling with the Interfering Radar Backlobe

TABLE 5-4 (Continued)

VICTIM RECEIVER

[

INTERFERENCE RADAR

INR
R“::R CITY/BASE NOMENCLATURE R’;:’:R CITY/BASE NOMENCLATURE
20 Mt. Tamalpais AN/FPS~-90 a Mountain View ASR-5 23
20 Mt. Tamalpais AN/FPS-90 6 Oakland ASR-7 14
20 Mt. Tamalpais AN/FPS~90 17 Almaden AN/MPS-14 11
20 Mt. Tamalpais AN/FPS~-90 18 Almaden AN/FPS~90 17
21 Sacramento (4us) WSR~-57 3 Sacramento ASR~4 14
21 Sacramento (.5us; WSR=-57 3 Sacramento ASR-4 6




van instrumentation was used to determine why predicted inter-
' ference did not appear on the victim PPI display or why un-
predicted interference appeared on the PPI display. The
detailed measurements made during the second phase of the
measurement program are discussed in Appendices A through E.
Appendix E gives a detailed discussion of the predicted and
observed interference at two radar sites wusing the measured
data discussed in Appendices A through D to explain the
differences between predicted and observed interference.
Appendix F gives a general outline of the measurement plan,
and Appendix G discusses the RSMS instrumentation used in the
San Francisco area radar measurements.

5.3.1 Preliminary Radar Site Measurements

The purpose of these measurements was to verify predicted
interference situations to the extent that the live environ-
ment conditions and parameters used to predict the interference
existed. This set of measurements was not comprehensive with
the main objective to compare predicted interference with the
live environment conditions for 8 victim radar sites. These
measurements were made during normal operation of air traffic
control.

During the preliminary radar site measurements, the victim
radar's controls were set as follows:

MTI: Cuw
NORIMAL: OFF
Stagger: OFF
Integrator: ON and CFF
Polarization: Linear and Circular

FAL radars in the Sar Francisco area onerate in the MTI
mode for full PPI scope range and with integrators on all the
time. The stagger was turned off on the victim radar so that
the AS-330 pulse train separator could be used to identify the
interfering radars by PRF. The following is a discussion
of the predicted and observed interference. The vredicted
interferers for each vickim are listed in Tabls 5-4 with
INR's > 10 dB.

Sacramento ASP-4 -~ Predicted interferers for the racramento
ASR-4 radar were:

Radar Interferer Victim INR
Freag. (ilEz) Freq. (MIz) (iB)
Sacramento 2837 2568 30 %
W5R-57 oy %%

* Por .5 usec mode of WSR-57
** For 4.0 usec mode of WSR-57
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With the WSR-57 antenna set at normal operating elevation (1
degree), interference from the Sacramento WSR-57 was observed
on the Sacramento ASR-4 PPI display for both the 4.0 and 0.5 usec
pulse width operating modes of the WSR-57. The WSR-57 radar
was located at a bearing of 200°. Interference from the WSR-57
radar was heavier for antenna coupling of the interferer main-
beam to the victim backlobe, than for antenna coupling of the
victim mainbeam to the backlobe of the interferer. This was
due to the higher antenna mainbeam gain of the WSR-57 radar
than the ASR-4 radar; taking into consideration the antenra
tilt angles, the mainbeam gains are 33 dBi and 27 dBi, respec-
tively. Also, the much slower rotation rate of the WSR-57
antenna caused the interference to be heavier for antenna
coupling of the mainbeam of the interfering radar with the
backlobe of the victim radar. Because of the higher emission
spectrum skirt levels of the WSR-57 radar when operating in the
0.5 usec mode, the interference was greater when the WSR-57

was operating in the 0.5 usec pulse width mode than in the

4.0 usec pulse width mode. The 0.5 pusec pulse width mode of
the WSR-57 radar caused interference wedges of 10° to 90°, and
the 4.0 usec pulse width mode caused interference wedges of

10° to 40°. The predicted and observed interference for 0.5 usec
pulse width mode of the WSR-57 radar is shown in Figure 5-2

and Figure 5-3, respectively. Figure 5-4 and Figure 5-5 show
the predicted and observed interference for the 4.0 usec pulse
width mode of the WSR-57 radar.

Mountain View ASR-5 - Predicted interferers for the
Mountain View ASR-5 radar were:

Radar Interferer Victim INR

Freq. (MHz) Freq. (MHz) (dB)

Almaden 2778 2758 32
AN/FPS-90

Almaden 2793 2758 22
AN/MPS-14

Mt. Tamalpais 2737 2754 23

Interference was observed from the Almaden and Mt. Tamalpais
AN/FPS-90 radars on both channels of the Mountain View radar.
Because of the-alternating monthly operating procedure of the
Almaden AN/MPS-14 and AN/FPS-90, potential interference from
the AN/MPS-14 could not be verified. Interference from the
Almaden AN/FPS-90 appeared on approximately every sweep of
the victim radar at the interferer bearing of 144°. The
interference from the Almaden radar usually appeared as a 3° to
40° wedge of interference. Interference from the Mt. Tamalpais
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Figure 5-2. Simulated PPI display of Sacramento ASR-4 With
Sacramento WSR-57 (0.5 usec mode) Interference.
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Simulated PPI Display of Sacramento ASR-4 With
Sacramento WSR-57 (4.0/usec mode) Interference.



AN/FPS-90 radar only appeared on the Mountain View ASR-5 PPI
scope about one out of four scans of the victim radar. The
interference from the Mt. Tamalpais AN/FPS-90 radar also
appeared in wedges of 3° to 30° at a bearing of 300° to 360°
on the victim PPI scope. The predicted and observed inter-
ference from the Almaden and Mt. Tamalpais AN/FPS-90 radars
to the Mountain View ASR-5 radar is shown in Figure 5-6 and
Figure 5-7, respectively. A more detailed discussion on
interference to the Mountain View ASR-5 radar is discussed
in Appendix E.

Ozkland ASR-7 - Predicted interferers for the Oakland
ASR-7 radar were:
Radar Interferers Victim INR
Freg. (MHz) Freg. (MHz) (dB)
Mt. Tamalpais 2737 2733 38
AN/FPS-90

Heavy interference from the Mt. Tamalpais AN/FPS-90 radar
was observed on the Oakland ASR-7 PPI display when the enhancer
was off. With the enhancer off, the interference covered 360°
of the victim PPI display. The interfering source was positively
identified by having the Mt. Tamalpais AN/FPS-~90 radar trans-
mitter turned on and off.

Tre interference from the Mt. Tamalpais radar was heavier
than predicted due to the fact that both the interferer and
victim radars were not operating on their assicned frequency.
The "B" channel of the Oakland ASR-~7 radar is assigned to
2728 MHz, bhut was operating on 2733 MHz. Also, the Mt. Tamalpais
AN/FPS-90 radar is assigned to 2740 MHz, but was operating at
2737 MHz. Therefore, there was only a frequency separation of
4 MHz between the interferer and victim radar. Using the
Frequency-Dependent-Rejection (FDR) curve given in Appendix C
(Figure C-13), the decreased frequency separation would result
in a 10 dB increase in the INR.

When the victim radar enhancer was turned on, the inter-
ference from the l't. Tamalpais radar vas significantly reduced,
and only appeared randomly on the victim PPI display at the
bearing (291°) of the interfering radar as 5° to 20° inter-
ference wedges. When the enhancer and log F7TC modes of the
victim radar were used, the interference from the !t. Tamalpais
radar was eliminated. However, the FAA normnally operates the
Oaklend ASR~7 radar in the enhanced M7TT mode, and does not use
the log FTC mode. The predicted and observed interference from
the Mt. Tamalpais radar is shown in Figure 5-8 and Figure 5-9,
respectively.
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Tamalpais AN/FPS-90 Interference.



Alameda AN/MPN-1ll - Predicted interferers for the Alameda
AN/MPN-11 were:

Radar Interferers Victim INR
- Freq. (MHz) Freq. (MHEz) (dB)
Havward 2800 2300 33
MN/MPN-13

Almaden 2793 2800 21
AN/MPS-14

Interference from the Hayward AN/MPN-13 was observed on the
Alameda AN/MPN-~11 PPI display on approximately every scan of
the victim radar. The interference from the Hayward radar was
coupled in through the victim antenna mainbeam and backlobe,
and resulted in interference wedges of 3° to 15°. Interference
from the Almaden AN/MPS-14 radar could not be verified since
the radar was not operating during the month of November.
Interference from the Almaden and Mt. Tamalpais AN/FPS-90
radars was also observed, but only when the height finding
radars were nodded directly at the Alameda AN/MPN-11 radar.
Interference from these height finding radars was predicted,
but is not listed in Table 5-4 since the Table is only for
mainbeam of the victim radar coupling with the sidelobe of

the interfering radar. Figure 5-10 shows the predicted form
of the interference from the Hayward AN/MPN-11 radar and
Almaden AN/MPS-14 radar on the Alameda NAS AN/MPN-11 PPI
display. Photographs of the interference were not taken.

Travis AFB AN/FPN-55 - Predicted interferers for the
Travis AFB AN/FPN-55 radar were:

Radar Interferers Victim INR

Freq. (MHz) Freq. (MHz) (dB)
Mather 2797 2801 26
AN/MPN-13

Interference from the Mather AN/MPN-13 was only observed a

few times during the video tape recordings, and was not
periodic as predicted. The interference from the Mather
AN/MPN-13 radar was observed at bearings of 290°-315° and
around 20°. The Mather AN/MPN-13 radar is at a bearing of 42°.
The occurrence of the interference on the victim PPI display
at bearings other than the bearing of the Mather AFB radar

was most likely due to coupling of the Mather AFB AN/MPN-13
radar antenna mainbeam with a high backlobe of the Travis AFB
AN/FPN-55 radar antenna. Predicted interference to the

5-19
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Figure 5~10. Simulated PPI Display of Alameda AN/MPN-11 With
Hayward AN/MPN-13 (Bearing 110°) and Almaden
AN/MPS-14 (Bearing 135°) Interference.



Travis AFB AN/FPN-55 radar from the Mather AFB AN/MPN-13 radar
is shown in Figure 5-11. Because of the infrequency of the
observed interference, the interference was not able to be
photographed. Interference to the Travis AFB radar from the
Mather AFB radar is discussed in more detail in Appendix E.

Mather AFB AN/MPN-13 - Predicted interferers for the
Mather AFB AN/MPN-13 radar were:

Radar Interferers Victim INR
Freqg. (MHz) Freq. (MHz) (dB)

Travis 2801 2797 23

AN/FPN~55

Beale 2800 2797 10

AN/MPN-15

Very light and intermittent interference was observed from
the Travis AFB AN/FPN-55 radar. The interference from the
Travis AFB AN/FPN-55 was only observed seven times over a
fifteen-minute period, and resulted in a 5° interference
wedge at a bearing of 220 to 260 degrees. The Travis AFB
AN/FPN-55 radar is at a bearing of 223°. One reason the
interference was lighter than predicted was that the antenna
tilt angle for the Mather AN/MPN-13 was set at 5.5° instead
of the nominal 3.5 degrees. The increased antenna tilt angle
could result in a decrease of the Mather AFB AN/MPN-13 radar
antenna mainbeam gain by 6 dB (Figure A-2). Also, both radars
were assigned to operate at 2800 MHz. However, measurements
made with the RSMS van showed a 4 MHz frequency separation
between the operating frequency of the two radars. It is not
known how much rejection of the interfering signal the 4 MHz
frequency separation would account for since the tuned frequency
of the victim radar receiver was not known. However, the
Frequency-Dependent-Rejection (FDR) curve in Appendix C
(Figure C-9) indicates that for a 4 MHz frequency separation,
the rejection would be 17 dB. The Beale AFB AN/MPN-15 radar
was operating intermittently during these tests and was not
positively identified as an interferer. Figure 5-12 shows
the predicted interference from the Travis AFB AN/FPN-55
radar to the Mather AFB AN/MPN-13 radar, and Figure 5-13
shows a photograph of the actual observed interference.

Almaden AN/MPS-14 - Predicted interferers for the
Almaden AN/MPS-~14 radar were:

[8,]
I
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Figure 5-11, Simulated PPI Display of Travis AFB AN/FPN-55 With
Mather AFB AN/MPN-13 Interference.
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Radar Interferers Victim INR

Freq. (MHz) Freq. (MHz) (dB)
Alameda
AN/MPN-11 2800 2793 20
Hayward
AN/MPN-13 2800 2793 25

During the measurements at Almaden, the AK/FPS-90 radar was
being actively used by the Air Force ADC, and could not be ex-
amined for verification of predicted interference. However,
reasurements were made on the AN/MPS-14 radar receiver.
Interference was observed on the AN/MPS-14 RHI scope from the
Alameda AN/MPN-11l radar. The interference appeared on the RHI
scope when the height finding radar nodded in a 45° sector in
the direction of the Alameda radar (bearing 321°). The Hayward
AN/MPN-13 radar was unoperational during the measurement period,
and therefore could not be confirmed as an interferer.

Figure 5-14 shows observed interference from the Alameda AN/MPN-11
radar.

Sacramento WSR-57 - Predicted interferers for the
Sacramento WSR-57 radar were:

Radar Interferers Victim INR
Freq. (MHz) Freqg. (MHz) (dB)

Sacramento

ASR-4 ) 2868 . 2887 14

Interference from the Sacramento ASR-4 radar was observed on
almost every scan of the victim radar when the WSR-57 was
operating in the 4.0 usec mode. The interference from the
ASR-4 radar appeared only at the bearing of the interfering
radar (37°), and covered approximately a 5° sector on the
victim PPI display. When the WSR-57 was operating in the

0.5 usec mode, no interference from the Sacramento ASR-4
radar was observed. The reason the interference of the

ASR-4 radar was not observed when the WSR-57 was operating

in the 0.5 usec mode was that the inherent noise level in

the victim radar receiver is increased by 8 dB due to a wider
IF bandwidth. Unpredicted interference at a bearing of 97°
was also observed from the Mather AFB AN/MPN-13 radar. The
predicted INR from the Mather radar was -1 dB. The inter-
ference from the Mather AFB AN/MPN-13 radar was observed on
approximately one out of seven scans of the victim radar.

It is believed that the slow antenna rotation rate (4 rpm)
relative to the antenna rotation rate of the AN/MPN-13 (15 rpm)
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Figure 5-13.

Photograph of Mather AFB
AN/MPN-13 PPI Display with
Travis AN/FPN-55 Interference

Figure 5-14.

Photograph of Almaden
AN/MPS-14 RHI Display with
Alameda ‘AN/MPN-11 Interference



caused occasional coupling of the victim antenna mainbeam

with the interferer antenna mainbeam or major sidelobe. The
interference from the Mather AFB All/MPN-13 radar covered
approximately a 10° sector at the bearing of the Mather AFB
radar (110°). Interference was also observed from the

Mt. Tamalpais AN/FPS-90 radar at a bearing of 217° when it

was coordinated to have the Mt. Tamalpais radar nodding in

the direction of the WSR-57 radar. The interference from

the Mt. Tamalpais radar caused an interference wedge of 3°

on the victim PPI scope. The form of the predicted inter-
ference to the Sacramento WSR-57 radar when operating in the

4 psec pulse width mode from the Sacramento ASR-4 radar is .
shown in Figure 5-15. Figure 5-16 shows observed interference
to the Sacramento WSR~57 radar from the Sacramento ASR-4 radar,
Mather AFB AN/MPN-13 radar and Mt. Tamalpais AN/FPS-90 radar.

5.3.2 Sunmary of Observed and Predicted Interference

For the eight radar sites visited during the preliminary
radar site measurements, there were 13 predicted interference
cases of mainbeam-to-backlobe antenna coupling. However, due
to some of the radars being inoperative during the preliminary
radar site measurement program, only 10 predicted interference
cases could be verified. All 10 of the predicted interference
cases that could be verified were observed during the prelimi-
nary site visits. 1In general, the predicted form of the inter-
ference on the PPI display was close to the actual observed
interference with the exception of three cases: 1) Mt. Tamalpais
AN/FPS-90 interference to the Oakland ASR~7 radar, 2) Mather AFB
AN/MPN-13 interference to Travis AFB AN/FPN-55 radar, and 3)
Travis AFB AN/FPN-55 interference to Mather AFB AN/MPN-13
radar. There was also one case of unpredicted interference
that was observed (Mather AFB AN/MPN-13 radar interference to
the Sacramento WSR-57 radar). However, it appeared that the
interference from the Mather radar was due to coupling of the
victim antenna mainbeam to the interferer antenna mainbeam or
major sidelobe, and not victim antenna mainbeam coupling with
the interferer antenna backlobes which was the coupling mechanism
used to predict interference.

The San Francisco area investigation showed a significant
improvement over the Los Angeles area investigation in the
correlation between predicted and actual observed interference.
It is believed .that this improvement in interference prediction
capability was a result of:

1) incorporating empirical propagation loss factors for
buildings and man-made obstacles into the overall
propagation path loss (see Appendix D).
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Figure

5-16.

Photograph of
ASR-4, Mather
Interference

Sacramento WSR-57 PPI Display with Sacramento
AFB AN/MPN-13 and Mt. Tamalpais AN/FPS-90



2) changing the median antenna backlobe level from
-10 dBi to -13 dBi.

3) including transmission line insertion loss of the
victim and interferer radars.

(63}
.
W

ENVIRONMENTAL OBSERVATIONS

Interference was observed at all eight of the radar sites
visited in the San Francisco area investigation. Three of the
FAA radars (Sacramento ASR-4, Mountain View ASR-5, and Oak-
land ASR-7) and one GCA radar (Alameda AN/MPN-11l) were con-
sidered to have a moderate amount of interference on their
PPI display. A look at Table 5-3 shows that all the radars
in the San Francisco Bay are assigned to operate in the 2.7
to 2.8 GHz band, and all the radars in the Sacramento area
are assigned to operate in the 2.8 to 2.9 GHz band. It is
believed, that if the whole 200 MHz band was utilized in the
San Francisco Bay area and the Sacramento area, interference
between the radars in these areas would be significantly
reduced. The present radar frequency assignment distribution
in the San Francisco and Sacramento areas is due to past
history frequency assignments, and removal of radars from
the environment.

Information on planned deployment changes in the 2.7 to
2.9 GHz band in the San Francisco area was obtained from the
various government agencies (References 48 through 50), and
is given in Table 5-5. = The only known planned dual freguency
radar for the area is the Alameda NAS ASR-8 scheduled to
replace the AN/MPN-11 radar. Due te known ducting proklems
in the bay area (see Appendix D), consideration of the ducting
phenomena must be given in determining frequency assignments
for the new Alameda ASR—-8 radar. A height finding radar
(AN/FPS-6,90) is scheduled’ for Half Moon Bay as part of the
joint FAA/DOD surveillance system. The height finding radars
at Cambria, Almaden and Mt. Tamalpais will eventually be
phased out once the joint FAA/DOD surveillance system becomes
operational. The Monterey AN/APS-20 radar has been removed
from the band. The Beale AFB AN/MPN-15 radar will be removed
in FY 78 after an ILS is installed. A detailed investigation
on the accommodation of planned future radar deployments in
the 2.7 to 2.9 GHz band in the San Francisco area will be
given in a subsequent OT report.
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TABLE 5-5

PLANNED ENVIRONMENT CHANGES IN THE SAN FRANCISCO AREA BY FY 84

CITY/BASE LATITUDE/ AGENCY ACTION PRESENT PLANNED DATE
LONGITUDE RADAR RADAR
37 47 00
Alameda NAS 122 19 00 Navy Replace AN/MPN-11 ASR-8 * FY 80
38 33 51
Mather AFB 121 17 19 Air Force Replace AN/MPN~13 AN/GPN-12 | FY 77
39 08 12 Use FAA
Beale AFB 121 26 00 Air Force Remove AN/MPN~15 ASR info. |FY 78
\ 37 31 43
Half Moon Bay 122 25 35 Air Force New None AN/FPS-6,90
35 31 21
Cambria 121 03 46 Air Force Remove AN/FPS-6 None
37 09 38 AN/MPS-14
Almaden 121 53 47 Air Force Renmove AN/FPS-90 None
37 55 45
Mt. Tamalpais 122 35 20 Air Force Remove AN/FPS-90 None
36 35 52
Monterey 121 52 25 Navy Remove AN/APS-20 None CY 75
b st

* Frequency Diversity Capability




APPENDIX A

ANTENNA CHARACTERISTIC MODELING

INTRODUCTION

The subject matter discussed in this appendix includes
the antenna model used to predict interference in the Los
Angeles and San Francisco investigations, and the antenna
reCiation pattern measurements of radars in the Los Angeles
and San Francisco areas. The measured data was compared with
previous measured data and existing models. Also discussed
in this section is a mutual antenna gain model and the inter-
relationship between antennas and environment propagation
phenomena which determine the interfering power level seen by
the victim radar. A discussion of the RSMS van system hardware
and software used to measure the radar antenna pattern charac-
teristics is given in Appendix G.

Since antennas are the means by which an interfering
signal is radiated and coupled into the victim receiver, an
adequate antenna model is an essential component in the
capability of predicting radar-to-radar interference. Because
of the dynamic nature of radar antennas (i.e., rotating and
nodding) and differences in site conditions, a statistical
description of the radar antenna radiation and reception
characteristics is a more realistic approach. The statistical
model may be represented in terms of a three level pattern
consisting of a mainbeam gain region, median sidelobe level,
and a median backlobe level; or in terms of the likelihood
that any particular level will be equaled or exceeded using
the cumulative gain distribution of the antenna characteristics.

THREE-LEVEL ANTENNA PATTERN MODEL

A three-level antenna pattern statistical model for an
average clutter area was used to predict interference in the
Los Angeles and San Francisco investigations (Reference 13
and measurements). Figure A-1 shows a pictorial representa-
tion of the three-level pattern with the mainbeam, sidelobe,
and backlobe region. The statistical median antenna gain and
degrees for each of the three regions used in the Los Angeles
investigation were:
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Mainbeam Region: Gain: Nominal mainbeam gain minus
correction for antenna tilt angle

Degrees: 357° to 3°
Sidelobe Region: Gain: -4 dBi

Degrees: 3° to 25° and 335° to 357°

Backlobe Region: Gain: =10 dBi
Degrees: 25° to 335°

Airport surveillance radars with cosecant squared elevation
antenna patterns normally tilt the mainbeam of the radar above
the horizon to reduce ground clutter; therefore, the energy
radiated at an elevation angle of zero degrees may be typically
5 to 12 dB below the actual mainbeam gain. Based on a sta-
tiscal analysis of the line-of~-sight antenna radiation patterns
measured in the Los Angeles investigation, an antenna gain
level of -13 dBi in the backlobe region was used in the San
Francisco investigation.

LINE-OF-SIGHT ANTENNA PATTERN MEASUREMENTS

During the Los Angeles and San Francisco investigations,
several line-of-sight antenna radiation patterns were measured.
These measurements were made at the radar site and include
the environmental and clutter effects of the area which cause
extraneous reflections of the transmitted signal. When
possible, care was taken to minimize surface and obstacle
reflections. Methods outlined in Reference 17 were used to
determine the optimum measurement distance to minimize the
environmental clutter effect. All the measurements were made
at dlstances sllghtly greater than the far field distance
of D /A where D is the size of the aperture and A is the
wavelength.

All the measurements were made with reference to absolute
power received or relative to the mainbeam gain. However,
for EMC application, the antenna radiation characteristics
need to be referenced relative to an isotropic radiator. In
order to convert the measured antenna pattern data relative
to an isotropic radiator, the antenna elevation radiation
pattern characteristics were required in order to adjust the
antenna nominal mainbeam gain by the electrical and mechanical
tilt angle of the antenna and the measurement angle (angle of
the measurement van antenna and radar feed horn relative to



the horizon). Figure A-2 shows a measured antenna elevation
pattern for the FAA ASR antenna that was used to adjust the
nominal mainbeam gain. The antenna specifications for the
ASR-4 through ASR-7 radars are the same with the ASR-4, ASR-5
and ASR-7 antennas being manufactured by the same company.
The ASR antenna elevation pattern was also used to adjust the
mainbeam gain for the GCA radars.

Figures A-3 through A-10 show the measured data of several
airport surveillance radar antenna radiation patterns. The
figures show the antenna radiation pattern from -20° to
+380°, where the angles are relative to the mainbeam occurrence.
The plot covers -20° before the occurrence of the first mainbeam
and continues 20° past the occurrence of the second mainbeam
giving a coverage of 400° (40° overlap) to permit full main-
beam observation. The radar frequency, antenna scan period,
peak received power in dBm, and antenna statistical information
are shown at the top of the figure.

Table A-1 summarizes the antenna measurements shown in
Figures A-3 through A-10 for three-level statistical repre-
sentation of the antenna radiation pattern characteristics
relative to isotropic. The following statistical data for
each measured antenna radiation pattern is contained in the
table:

1. The median antenna pattern level between 0° and 360°.

2. Peak sidelobe antenna pattern level between 3° and
25° on either side of the mainbeam.

3. Median sidelobe antenna pattern level between 3° and
25° on either side of the mainbeam.

4. Peak backlobe antenna pattern level between 25° and
335°,

5. Median backlobe antenna pattern level between 25°
and 335°.

Also shown in Table A-1 are the mean and standard devia-
tion taken across the eight measured samples for the above
five categories. The mean of the median antenna pattern
levels shown in.- the Table A-1 was found to be -11.8 dBi with
a standard deviation of 2.8 dB. Reference 18 states that the
mean of sampled median antenna pattern levels for an uncluttered
site was -12.1 dBi with standard deviation of 6.2 dB. The
mean of the median sidelobe levels shown in Table A-1 was
found to be ~-7.1 4Bi with a standard deviation of 3.3 d4B.
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TABLE A-1l

Measurement Angle
** Estimated Adjusted Mainbeam Gain

ANTENNA PATTERN STATISTICS OF 2.7-2.9 GHz RADARS
[ ' [
CITY/BASE T'QUIPMENT MOMINAL ANTIMNNA ANJUSTED | MCDIAN SIDRLORE | SINELOBE | BACKLOBL | BACKLOEFE
NOIENCLATURE |MAINBEAM |TILT “AINBEAM | ANTRIDIA |TEAX "{EDIAN PEMK CDIAM.
GAIN ANGLE, AT PATTERN  |ULVEL LEVEL LEVEL LEVECL
(dBi) (DECREES) | (dB1) LIYVEL (Ani) (aBi) (dBi}) (ari)
(dB1)
LOS ANGELES ASR-7 34 3.5 21% -15.5 +5.0 -8.1 -2.,0 -17.2
BURBAMK ASR-6 34 3.5 21.0% -11.0 +4.0 -8.6 0.0 -11.9
OJATARIO ASK~5 34 3.5 27% -10.0 +0.8 3.8 +0.3 -10.5
LONS BEMACH 4 ASR-5 34 3.75 22.R% ~10.7 +1.6 -8.1 -3.4 -11.38
LOS ALIMITOS CP.1-4 31 3.0 5%k -7.5 +7.36 -1.6 +2.8 -8.4
"IORTON 1PiI-15 32 4.25° 22.5%% -15.3 -0.5 -5.3 -2.5 -17.3
“ARCH 1pN-13 32 5.5° 19.5%* -14.0 -0.5 -12.2 -3.0 ~14.0
]
TRAVIS FPN=55 34 4.25° 24.5 -10.8 +2.1 -3.8 -1,Nn ~11.7
p=-11,85] u=2.4% L==7.06 [ u=-1.35 | u=-10.85
* Includes Adjusted Mainbeam Gain for Tilt Angle Plus 0=2.8 6=2.77 0=3.32 0=2,17 0=3.13




The mean of the median backlobe levels for the sample shown

in Table A-1 was found to be -12.8 dBi with a standard devi-
ation of 3.1 dB. Reference 13 states that the median back-
lobe level for an average-siting condition should be =-10.0 dBi.
with a standard deviation of 6.0 dB. Therefore, the measured
antenna radiation pattern statistics for airport surveillance
radars taken during the Los Angeles and San Francisco investi-
gations is in close agreement with previous measured data.

Line-of-sight antenna radiation pattern measurements were
also made on the Sacramento WSR~57 radar which has a parabolic
dish type antenna. The weather radar has the capability to
tilt in elevation the parabolic dish at angles between -5°:
to +45° with the horizon. The WSR-57 at Sacramento is normally
operated with the antenna tilted in the elevation plan +1°
with respect to the horizon. The WSR-57 radar antenna has
a nominal mainbeam gain of +36 dBi, and a 3 dB beamwidth of
two degrees. Figures A-11 through A-13 show measured antenna
radiation patterns for tilt angles of zero, one, and two
degrees, respectively. The statistics in Figure A-11 show
an average backlobe level of approximately -7.2 dBi for the
parabolic dish. A comparison of Figures A-11l through A-13
illustrates the reduction in mainbeam gain due to the narrow
beamwidth of the pencil beam antenna for only a small change
in the elevation tilt angle of the antenna. This indicates
that the normal operating antenna tilt angle of weather
radars must be considered in predicting interference to and
from weather radars.

CUMULATIVE DISTRIBUTION MODEL

Figures A-14 through A-19 show the cumulative antenna
radiation pattern distribution of several radars listed in
Table A-1. The dotted line on the graph shows the 0 to 10
percent probability of exceeding a specified antenna gain
level. The solid line shows the 0 to 100 percent probability
of exceeding a specified gain level. Figure A-20 shows the
mean and 20 cumulative distribution taken from Figures A-14
through A-16, A-18, and A-19. Figure A-17 was not included
in the averaged statistics because of the unusally high
backlobe level due to hangar reflections. An examination of
Figure A-20 shows the standard deviation is decreasing as the
percentage of time exceeded.is increasing from 80% to 100%.
In theory, this should not be true due to variations in site
clutter. This indicates that the measurements have been-
biased due to insufficient dynamic range of the measurement
receiver. This is discussed in Appendix G.

A-15
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MUTUAL ANTENNA GAIN MODEL

Previous discussions in this appendix cdealt with statis-
tical models of single antennas. However, since both the
victim and interfering antennas are rotating and koth the
antennas determine the level of interference coupled into
the victim receiver, it is appropriate to determine a statis-
tical distribution of the mutual .antenna gain of both antennas.
Since the probability distribution of the victim and inter-
fering antenna radiation pattern are independent, the mutual
antenna gain can be obtained by taking the convolution of
the distributions of the wvictim and interfering antenna
radiation patterns.

Figures A-21 and A-22 show the antenna radiation pattern
of the Ontario ASR-5 radar and Burbank ASR-6 radar respectively
measured by the FAA. Tables A-2 and A-3 show the probability
distribution and cumulative distribution of both radars
respectively. The mutual antenna gain distribution can be
obtained by forming a random variable, G, (Reference 19).,

Gm = Gl + G2 (A-1)

Where the probability of a specific mutual antenna gain level
(Gp,) is given by:

P(Gli+G25 = Gpy) = L ajbs
Where: I aibj = the sum of all mutually exclusive events
where Gl + G2j = Gpy
a; = Probability of Gli
bj = Probability of sz

Figure A-23 shows the mutual antenna gain probability distri-
bution of the two patterns shown in Figures A-21 and A-22.
The straight line of the mutual antenna gain distribution
between -8 dBi and -40 dBi indicates that the mutual antenna
gain distribution in this region is gaussian distributed.

Even though the statistical mutual antenna gain model
described in this section takes into account the line-of-sight
azimuthal radiation patterns of the victim and interfering
radars, the model is not a realistic statistical model which
can be used to predict the interfering power level received

A-23
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TABLE A-2

ANTENNA RADIATION PATTERN STATISTICS
OF ONTARIO ASR-5 RADAR

CUM

CUMULATIVE

[
PROBABILITY

GAIN IN ULATIVE
dBi (Gly) BIN COUNT|SUM PROBABILITY {DISTRIBUTION
(a;)

27 1 1 .28 .28
25 1 2 .56 .28
24 1 3 .83 .28
23 1 4 1.11 .28
17 1 5 1.39 .28
9 1 6 1.67 .28

3 2 8 2.22 .55

2 1 9 2.50 .28

1 2 11 3.06 .56

0 4 15 4.17 1.11
-1 3 18 5.00 .83
-2 4 22 6.11 1.11
-3 16 38 10.56 4,45
-4 13 51. 14,17 3.61
-5 8 59. 16.39 2.22
-6 9 68 18.89 2.50
-7 17 85 23.61 4.72
-8 11 96 26.67 3.06
-9 27 123 34.17 - 7.50
~10 11 134 7.2 3.05
~-11 35 169 46.94 9.72
-12 19 188 52.22 5.28
-13 51 239 66.39 14,17
~-14 29 268 74,44 8.05
-15 32 300 83.33 8.89
-16 16 316 87.78 4,45
-17 25 341 94.72 6.94
-18 9 350 97.22 2.50
-19 6 356 98.89 1.67
-20 1 357 99,17 28
-21 2 359 99,72 .55
-23 1 360 100.00 .28




TABLE A-3

ANTENNA RADIATION PATTERN STATISTICS
OF BURBANK ASR-6 RADAR

GAIN IN CUIIULATIVE CUMULATIVD PROBABILITY

dBi (G2j ) BIXN COUNT SUM PROBABILITY | DISTRIBUTION
(bj)
27 1 1 .28 .28
20 1 - 2 .56 .28
25 1 3 .83 .28
15 1 4 1.11 .28
7 1 5 1.39 .28
4 1 6 1.67 .28
2 2 8 2.22 .55
1 9 17 4.72 2.50
0 7 24 6.67 1.95
-1 15 39 10.83 4.16
-2 17 56 15.56 4.73
-3 39 95 26.39 10.83
-4 15 110 30.56 4.17
-5 45 155 43,06 12.50
-6 30 185 51.39 8.33
=7 30 215 59.72 8.33
-8 l6 231 64.17 4.45
-9 31 262 72.78 §.61
-10 14 276 76.67 3.89
-11 30 306 85.00 8.33
-12 6 312 86.67 1.67
~-13 17 329 91.39 4.72
-14 11 340 94.44 3.05
-15 11 351 97.50 3.06
-16 4 355 98.61 1.11
-17 3 358 99.44 .83
~18 1 359 99.72 .28
-19 1 360 100.00 .28
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as a function of the a=zimuth orientation of the victim and
interfering antennas. Other parameters which contribute to
the power level received as a function of the azimuth
orientation of the victim and interfering radar are discussed
in the next section.

ENVIRONMENTAL ANTENNA PATTERN MEASUREMENTS

In addition to line-of-sight antenna patterns at the
victim and interferer radar sites, environmental modified
antenna patterns of interfering radars were measured at the
victim radar site during the Los Angeles and San Francisco
area investigations. The main objective of these measure-
ments was to determine if the environment was altering the
received interfering power level as a function of azimuth
orientation of the victim and interfering antennas in addition
to the variation due to free-space antenna coupling. Measure-
ments made during the Los Angeles-San Francisco area investi-
gations revealed several cases where multipath wave inter-
ference, arising from multiple scattering of the waves by
mountains, buildings and other structures, was occurring
which significantly changed the statistical distribution of
the interfering power level at the victim receiver RF input
resulting in unpredicted interference.

From an electromagnetic theory viewpoint, the multipathing
(terrain and building reflections) of the interfering signal
is a propagation phenomena. However, the effect of these
propagation phenomena is to alter the received interfering
power level as a function of the azimuth orientation of
the victim and interfering antennas. Actually, the multi-
pathing of interfering signals and the antenna pattern
characteristics of the victim and interferer antennas are
statistical parameters which are very difficult to separate
in the real environment. Therefore, from a modeling aspect
of the multipathing phenomena, it appears that it would be
more practical to incorporate the modeling of multipathing
with the mutual antenna gain distribution model.

The following is a discussion of the environmental
modified antenna patterns of potential interfering radars
made at the victim radar sites. Because of differences in
antenna heights and antenna patterns of the victim radar
antenna and RSMS van dish antenna, extreme care was required
in extrapolating data measured with the RSMS van dish antenna
to what the victim radar antenna would see. Also, in some
cases, due to low received interfering power level, a complete
interfering antenna pattern could not be measured. These
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measurements were made with the measurement antenna stationary
and the interferer antenna rotating.

Some measurements were also made of the peak power
received from interfering radars while rotating the RSMS
van dish. These measurements were made to document the
multipath reflections of the environment and are discussed
in the propagation Appendix D.

Los Alamitos

Measurements of interferer environmental antenna patterns
were made at the Los Alamitos AN/CPN-4 radar site using both
the RSMS van dish and the antenna of the AN/CPN-4 radar. The
RSMS van dish was approximately the same height (14 ft.) as
the antenna of the AN/CPN-4 radar. The following is a brief
discussion of interferer environmental antenna patterns
measured at the Los Alamitos radar site.

Long Beach ASR-5 - Figure A-24 shows the Long Beach ASR-5
environmental antenna pattern measured at the Los Alamitos
radar site using the RSMS van dish. A comparison of Figure A-24
with Figure A-6 (Line-of-sight-measurement) indicates that
multipath reflections were occurring from the environment.

Also the average backlobe level of the antenna pattern measured
at Los Alamitos is 5.6 dB lower. This tends to indicate that
the backlobe level is being attenuated more than the mainbeam
due to foreground clutter at the Long Beach site. This was

one of the factors contributing to not being able to observe
the predicted interference from the Long Beach ASR-5 radar.

Ontario ASR-5 - Figures A-25 and A-26 show the Ontario
ASR-5 environmental antenna pattern measured at the Los
Alamitos radar site with the RSMS van dish pointed at 35°
and 40° respectively. The Ontario ASR-5 radar is at a bearing
of 40°. A comparison of these figures with Figure A-5 shows
that there is a significant amount of multipathing occurring.
The multipathing was caused by Chino Hills between Los
Alamitos and Ontario with elevations over 2000 feet.

Figure A-27 shows the Ontario ASR~5 antenna pattern measured
at Los Alamitos using the AN/CPN-4 radar antenna pointing

at 40° magnetic. One can easily see that there is a signifi-
cant difference between Figures A-26 and A-27. The reason

for this difference is that the AN/CPN-4 antenna has only a
1.5° azimuth beamwidth as compared to the 8 degree azimuth
beamwidth of the RSMS van dish resulting in a different
spatial weighting of the multipathing signal. However, during
this set of measurements, the AN/CPN-4 antenna was aimed
between 30° - 50° magnetic with very little change in peak
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received power measured on the 8580 spectrum analyzer. Also
during these measurements the oscilloscope on the van was
observed, and the pulses from the Ontario ASR-5 radar were
stretched out to approximately 100 usec.

Norton AN/MPN-13 - Figure A-28 shows the Norton AFB
AN/MPN-13 environmental antenna pattern measured at the Los
Alamitos radar site with the AN/CPN-4 antenna pointed at 56.5°
magnetic. The pulse train separator AS-330 was used to dis-
criminate between the Norton AFB AN/MPN-13 and the March AFB
AN/MPN-13 since both radars operate at approximately 2800 MHz.
The Norton radar was requested to operate on three stagger
(3x365 = 1095) PRF, and the March radar with stagger off
(1095 PRF). When Figure A-8 is compared with Figure A-28,
the environmental antenna pattern shows the multipathing
caused by the Chino Hills located between Los Alamitos NAS
and the Norton AFB.

Long Beach

Measurements of interferer environmental antenna patterns
were also made at the Long Beach ASR-5 radar site using both
the RSMS van dish antenna and the antenna of the ASR-5 radar.
The RSMS van dish antenna height is 14 feet, and the ASR-5
antenna height is 26 feet. The following is a discussion of
the environmental antenna patterns measured at the Long Beach
radar site.

Los Alamitos AN/CPN-4 - Figure A-29 shows the Los Alamitos
AN/CPN-4 environmental antenna pattern measured at the Long
Beach radar site with the RSMS van dish pointed at 97.4°
magnetic. A comparison of Figure A-29 with Figure A-7 (Line-
of-sight measurement) shows that the average backlobe level
is 9.7 dB lower at Long Beach indicating that the environment
is attenuating the backlobe more than the mainbeam due to
foreground clutter.

Figure A-30 shows the Los Alamitos antenna pattern measured
using the Long Beach ASR-5 antenna operating in the right-hand
circular polarization mode (same as RSMS van dish). The main-
beam to average backlobe level using the ASR-5 antenna is only
33 dB as compared to 43 dB (Figure A-29) using the RSMS van
dish. It is difficult to resolve this difference in mainbeam
to average backlobe ratio in a multipath environment since it
is not known whether the difference in atenna height between
the RSMS van dish and the radar may have changed the average
backlobe level or the differences in the radar and van antenna
patterns caused the change of average backlobe level.
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Figure A-31 shows the Los Alamitos antenna pattern
measured using the Long Beach ASR-5 antenna operating in the
vertical polarization mode. A comparison of Figure A-30 and
A-31 shows that the mainbeam level has been attenuated by
6.2 dB (44 dBm - 37.8 dBm). The reason for this attenuation
is due to the radar antenna polarization (Long Beach operating
vertical and Los Alamitos operating horizontal). Also, a
comparison of Figures A-25 and A-26, for the two different
polarizations, shows that the average backlobe level is
-71 dBm. This is expected since the polarization of the
backlobes of a radar antenna are random.

Burbank ASR~6 - Figure A-32 shows the Burbank ASR-6
environmental antenna pattern measured at Long Beach with
the RSMS van dish pointed at 319.6° magnetic. The pulse
train separator, AS-330, was used to discriminate against
the Long Beach signal. A comparison of Figure A-32 with
Figure A-4 shows that there is a significant amount of multi-
pathing caused by the Santa Monica mountain range, with
Griffith Peak (altitude 1821 feet), which is between the two
radars. The multipathing occurring between 270° and 300°
is due to reflection off the San Gabriel mountain range with
altitudes of up to 4000 feet.

Mountain View

Measurements of environmental antenna patterns of other
radars were also made at the Mountain View ASR-5 radar site
using both the RSMS van dish antenna and the antenna of the
ASR-5 radar. The RSMS van dish antenna height is 14 feet,
and the ASR-5 antenna height is 26 feet. The following is
a discussion of the environmental antenna patterns measured
at the Mountain View radar site.

Oakland ASR-7 - Figure A-33 shows the Oakland ASR-7
antenna pattern measured at the Mountain View radar site
using the RSMS van dish pointed at 312° magnetic. A line-of-
sight antenna pattern of the Oakland radar was not measured.
Taking into consideration the tilt angle (3°) of the Oakland
ASR-7 antenna, the mainbeam gain at zero degrees elevation
is approximately 29 dBi (34 dBi -5 4B) using Figure A-2.
Therefore, the mean backlobe level is -9.6 dBi which is close
to the average median backlobe level (-12.85 dBi) given in
Table A~1 for line-of-sight antenna radiation patterns. Thus
the environmental antenna pattern of the Oakland ASR-7 radar
measured at Mountain View was not significantly altered by
propagation related phenomena, and, therefore, has statistical
characteristics similar to typical line-of-sight antenna
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radiation patterns.

Alameda NAS AN/MPN-11 - Figures A-34 and A-35 show the
Alameda AN/MPN-11l antenna pattern measured at the Mountain
View radar site using the RSMS van dish and ASR-5 radar
antenna, respectively. The antennas were pointed at 309°
magnetic. A line-of-sight antenna pattern of the Alameda
AN/MPN-11 radar was not measured. The tilt angle on the
Alameda AN/MPN-1l radar antenna is 3.5 degrees. Therefore,
the mainbeam gain at zero degrees elevation is approximately
26 dBi using Figure A-2. With a mainbeam gain of approxi-~
mately 26 dBi, the statistics shown in Figures A-34 and A-35
indicate an average backlobe level of -5.9 dBi and -7.5 dBi,
respectively. The high backlobe level of the Alameda AN/MPN-11
environmental antenna pattern measured at Mountain View may be
due to the high clutter in the vicinity of the Alameda NAS.

The NAS had numerous hangars in the area, and the San Francisco
skyscrapers and the San Francisco and Oakland bay bridge were
within line-of-sight. It is believed that the two high spikes
in Figure A-34 and the one spike in Figure A-35 around 180° are
due to reflections off the San Francisco-Oakland bay bridge.

Alameda NAS

Measurements of environmental antenna patterns of other
radars were also made at the Alameda NAS AN/MPN-11 radar site
using the RSMS van dish antenna. The RSMS van dish antenna
height (14.0 feet) was approximately the same height as the
antenna on the AN/MPN-11 radar.

Oakland ASR-7 - Figure A-36 shows the Oakland ASR-7
antenna pattern measured at the Alameda NAS radar site using
the RSMS van dish antenna pointed at 120° magnetic., For
a mainbeam gain of approximately 29 dBi at zero degrees
elevation, the statistics in Figure A-36 show a median
backlobe level of approximately -10.3 4Bi (+29 d4Bi - 39.3 dB)
which is relatively close to the -12.85 dBi average median
backlobe level given in Table A-1l.

Mountain View ASR-5 - Figure A-37 shows the Mountain
View ASR-5 antenna pattern measured at the Alameda NAS radar
site using the RSMS van dish antenna pointed at 129° magnetic.
A line-of-sight antenna pattern of the Mountain View ASR-5
antenna pattern was not measured. The tilt angle on the
Mountain View ASR-5 radar antenna is three degrees. There-
fore, the mainbeam gain at zero degrees elevation is approxi-
mately 29 dBi using Figure A-2. With a mainbeam gain of
approximately 29 dBi, the statistics shown in Figure A-37
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indicate a median backlobe level of -11.3 dBi (29 dBi - 40.3 dB)
for the environmental antenna pattern of the Mountain View
ASR-5 radar measured at Alameda. The median backlobe level

of -11.3 is close to the -12.85 dBi averaged median backlobe
level of measured line-of-sight antenna radiation patterns
given in Table A-1l.

SUMMARY OF ANTENNA PATTERN MODELING

Line-of-sight (free space) antenna pattern measurements
made during the Los Angeles and San Francisco area investiga-
tions on cosecant squared elevation type antenna had an
averaged median sidelobe (3° to 25° and 335° to 357°) level
of -7.0 dBi and standard deviation of 3.3 dB. The average
median backlobe (25° to 335°) level was found to be -12.8 dBi
with a standard deviation of 3.1 dB. Considering the statis-
tical antenna pattern models given in References 13 and 18,
and the measured data resulting from the Los Angeles and
San Francisco measurements, it is recommended that a median
backlobe level of -13 dBi with a standard deviation of 4 dB
be used to predict radar-to~radar interference.

Environmental antenna pattern measurements of potential
interfering radars made at the victim radar site revealed
that line-of-sight (free space) antenna pattern models will
not result in realistic pulse amplitude distributions at the
victim radar RF input. There are propagation related phenomena,
such as multipath wave interference arising from multiple
scattering of the waves by mountains, buildings, and other
structures which affect the interfering signal pulse amplitude
distribution. Also in some cases, there is more attenuation
of sidelobe and backlobe levels than the mainbeam due to
foreground clutter at the radar site. The effects of these
propagation related phenomena are dependent on the antenna
positions and antenna patterns of the victim and interfering
radar antennas. Since the multipathing and foreground clutter
attenuation of the interfering signal and the antenna pattern
characteristics of the victim and interferer antennas are
statistical parameters which are difficult to separate in the
real environment, it appears that the free-space antenna
patterns could be modified to incorporate these propagation
phenomena. One particular advantage of this approach is that
it can more readily be incorporated in the present PPI simu-
lation program.

As & result of the Los Angeles area investigation, it

appears thet pctential multipathing through mountain ranges
mev be identified. However, the effect of multipathing on
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the interfering signal pulse amplitude distribution would be
very difficult to predict. Also, the effect of multipathing
due to buildings and other structures would be difficult to
predict and very subjective. One approach to modeling these
propagation phenomena would be to develop an empirical mutual
environmental antenna gain model which would incorporate the
statistical pulse amplitude distribution of these propagation
related phenomena. This could be done by classifying the
environment into several categories, such as:

1. Free-space coupling environment.

2. Free-space with foreground clutter.
3. Moderate multipath coupling.

4. Heavy multipath couprling.

The major drawback to the empirical approach is that numerous
additional measurements would be required to determine what

the mutual environmental antenna gain model distribution should
be for each category. Even if empirical models were developed,
the actual implementation of the models would still be subjec-
tive. Since multipathing of interfering signals through mountain
ranges only occurred on a few paths, it appears that a measure-
ment program would not be practical. However, it is apparent
that without incorporating these propagation related phenomena
into the radar-to-radar interference prediction model, realistic
prediction of the interference on the PPI display cannot be
achieved.
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APPRENDIX B

EMISSION SPECTRUM MODELING
AND MEASUREMENTS

INTRODUCTION

Modeling transmitter emission spectra is an essential
step in performing an EMC analysis. This appendix discusses
factors that affect emission spectrum characteristics, and
the model selected for predicting emission spectrum. Modeled
emission spectra for particular radar characteristics and
transmitter output tubes are presented, and compared with
measurements made during the Los Angeles and San Francisco
area investigation., A discussion of the RSMS van system
hardware and software used to measure radar emission spectra
is given in Appendix G.

FACTORS AFFECTING EMISSION SPECTRUM CHARACTERISTICS

The emission spectrum of a pulse radar is determined by
the modulating pulse shape and width, transmitter RF tube,
and RF output tube load. The transmission waveguide, rotary
couplers, and antennas also affect the emission spectra
but to a much less degree.

Magnetron Characteristics

All the 2.7 to 2.9 GHz band radars operating in the Los
Angeles and San Francisco areas currently employ conventional
magnetron tubes. The magnetron tube types employed by each
‘radar in the Los Angeles and San Francisco area are indicated
in Tables 4-~2 and 5-2. The tuning range and nominal operating
characteristics of the employed magnetron tube types are in-
dicated in Table B-1l. The inherent wideband asymmetrical
emission characteristics of conventional magnetrons are ex-
hibited by these tubes. The wide emission spectrum is due
to the low Q of the tubes resonant cavity. The operating
frequency of the tube increases with modulating voltage ampli-
tude, which results in a lower tube operating frequency during
the rise time of the modulating pulse. This instability causes
an asymmetrical spectrum with greater power on the low side
of the carrier frequency. In addition, conventional magnetrons
emit high levels of both harmonic and nonharmonic spurious
emissions. These outputs result from the excitation of cavity
modes, in addition to the desired @I mode, during the rise time
of the modulating pulse. The frequency of the undesired modes



depend on the resonant cavity structure of the particular type
tube and rise time of the modulating pulse.

The tube parameters listed in Table B-1 are typical
operating values specified by the manufacturer and differ from
those used by government users. For example, it was observed
that the magnetron peak power of FAA ASR and military GCA
radars were typically set at 25 to 50 percent lower than the
values listed in Table B-1 to increase tube life. On the
other hand, the magnetron peak power of military range
clearance and height finding radars were set about 20 percent
higher to maximize range. The peak power of a magnetron is
set by adjusting the tubes peak anode voltage and current.
This adjustment affects the modulating pulse ability tc excite
resonant cavity modes and consequently alters the tubes emis-
sion spectrum. The magnitude and direction of the emission
spcctrum change as a function of magnetron peak power setting
has not been tested by manufacturers. However, it is a known
fact that, if the anode voltage and current are not in the
range specified by the manufacturer, spurious modes and poor
emission will result.

Modulating Pulse

A clean emission spectrum will be realized only if the
modulation circuitry provides a voltage pulse shape that is
within the tolerance (Reference 22) specified by the manu-
facturer. Exciting the proper mode requires a specific rate
of voltage rise between the 60 to 80 percent amplitude levels
of the pulse. This rate of voltage rise must be long enough
to permit oscillations to start in the desired@ 7 mode, but
noct so slow that undesired modes are excited. The tolerance
of this voltage rate increase depends on the excitation time
of the tube and how close the modes are in frequency. Once
the oscillations are started in the desired 7 mode, . the
modulating voltage should increase to the maximum pulse ampli-
tude value as rapidly as possible to prevent excitation of
other modes. The voltage should remain constant over the
duration of the pulse to prevent spectrum broadening. It is
also important that the modulating pulse drop to zero as
rapidly as possible, because inverse and post-pulse voltages
can result in undesirable noise radiation. For the above
reasons, different radar types employing the same model magne-
tron at identical peak power settings and pulse widths, can
have different emission spectrums due to the adjustment and
design of the modulating pulse shaping circuitry.



TABLE B-1
MAGNETRON TUBE TYPES

TUBE* FREQ. PEAK PEAK PEAK PULSE DUTY
TYPE RANGE TUNABLE POWER CURRENT VOLTAGE WIDTH CYCLE
| IN MHz (KW/dBM) (A) (KV) ( sec)
- b A E
5586 2700- YES 800/ 70 29.5 1.0 .0005
2900 89.0
1 3 L 3 L
8789 2700- YES 450/ 70 30 1.0 .001
(QK1463) 2900 86.5
4 s L - b
4731 2860- NO 800/ 70 28 1.0 .0005
2900 89.0
6410A 2750- NO 4500/ 130 70 2.0 .001
(CK336R) | 2860 96.5
r_ o m— J ¥
7529 2700- YES 3500/ 115 62 2.0 .0007
(QK327A) 28.0 55.4
(DX276) 2720~ YES 450/ 50 32 1.5 .001
90¢ €6.5
L L 1 L
(QK729) "86C- NO 480/ 50 26 4.0 .0007
9360 86.8

*Tube types li:ted 1rn brackets are manufacturer designators. Those tube types not
listed in brackets are Joint Electron Device Engineering Council (JEDEC) designators.



Magnetron Load

The magnetron in a typical radar is loaded by an
electrically long transmission line that is terminated by an
ATR (anti-transmit-receive) gas discharge tube. At the start
of a pulse, the ATR is unfired and presents an open circuit
to the transmission line which results in a voltage standing
wave on the line. Under these conditions, the impedance that
the magnetron output sees depends on the electrical length
of the line in wavelengths and the magnetron's oscillating
frequency. The impedance that the magnetron sees influences
its frequency mode starting characteristics and consequently
the radars emission spectrum. The transmission line electrical
length is normally optimized during the radar design and in
modern radars ferrite isolators are employed to isclate the
refiected wave and ATR tube input impedance from *he magnetron.
However, when a magnetron is being revplaced by a different model
than the radar was originally designed for, to prevent emission
spectrum spreading, it is necessary that the replacement tube
operate over the transmission line lengths and VSWR (voltage
standing wave ratio) limits specified by the manufacturer.

The impedance that the magnetron sees changes with
magnetron operating frequency, since the electrical length of
the transmission line changes with frequency. If the VSWR
magnitude on the line is large, tuning of the magnetron will
result in broadening of the spectrum. At some frequencies,
there will be periodic holes in the tuning curve where the
magnetron will not oscillate. This was confirmed by conver-
sations with Air Force personnel who stated that some frequencies
in the tuning range of AN/MPN-13 radars result in poor emission
spectrum. Therefore, the magnetron tuning ranges listed in
Table '‘B-1 do not necessarily imply that the radar emission

spectrum will be satisfactory at all frequencies over this
range.

MODELING

Several models (References 23, 24) were considered for
predicting the emission spectrum envelope of conventional
magnetron for this investigation. The model by Newhouse
(Reference 24) was chosen because it takes into account the
frequency shift, characteristics of the conventional magnetron.

Conventional Magnetron Model

The conventional magnetron model used in this investigation
consists of emission envelope segments defined by the following
equation:



Ky P

(£-£,)2 [wtf-£5)12 (B-1)
K2 - p
4 2
(£-£) 1667 [m(£-£) 14 (B-2)
K3 P
[£-(£,-B /2) 1% 462 (£~ (£o-B,/2) 14 (B-3)
Where the emission peak power is given by
P = [T+ 8¢ 1/2] 2 (B~4)
2B,
and
Kl' K2, K4 are constants
fc = carrier frequency of pulse (Hz)
P = Peak power of emission spectrum (watts)
Gr,Gf = Pulse fise and fall times (sec)
T = transmitter pulse width (sec)
£ = frequency (Hz)
B¢ = total amount of frequency deviation during the rise

and fall times of modulating pulse (Hz)

The portion of the emission spectrum that equation B-1l

through B-4 depict, and the relationship between the modulating

pulse amplitude and magnetron frequency shift are shown in

Figure B-1l.
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The magnetron model does not include the high level of
harmonic and nonharmonic spurious emissions that occur with
conventional magnetrons. Conversations with several experts
concerning magnetron spurious emissions (References 45 and 46)
indicated that it is difficult to analytically predict the
frequency and amplitude of magnetron spurious emissions. A
practical approach is to use an empirical model for the spectrum
skirts. This is usually accomplished by increasing the lower
level skirts of the model emission skirts by a fixed number
of @B for |[AF|> 100 MHz. The adjusted skirt level should be
based on spurious emission measurement data on the particular
radar type being modeled. The measured radar emission spectra
in this investigation confirmed that refinement to the magne-
tron model for spurious emissions was not necessary for
|AF|< 100 MHz. Since this frequency range covered the 2.7 to
2.9 GHz band of interest, in most cases, the spurious emission
refinement to the magnetron model was not employed in this in-
vestigation.

Emission Spectrum Model Categories

To simplify the calculations of radar emission spectra,
radars operating in the Los Angeles and San Francisco areas
were categorized by pulse width in the manner indicated in
Table B-2. The asterisks identify weather radars with two
operational pulse widths. The computed emission spectra,
for the various category radars are shown in Figures B-2
through B-5. The parameters used to compute the emission
model are indicated in the upper right hand corner of each
figure.

MEASURED EMISSION SPECTRA

Radiated emission spectra of the Los Angeles and San
Francisco area radars were measured intermittently over 1975.
The results of these measurements are presented in Figures
B-6 and B-8 through B-20. The AN/CPN-4 emission spectrum
shown in Figure B-7 was measured at the Norfolk, Virginia
Naval Air Station in June 1974.

These emission spectra were measured with the test re-
ceiving antenna positioned in the far field and in line-of-
sight of the radar antenna. When possible, the emissions
were measured no further from the radar than necessary to
be in the radar antenna far field.

This procedure reduced the chance of error contribution
by frequency selective multipath and short term propagation
fading.



TABLE B-2

EMISSION SPECTRUM CATEGORIES

PULSE WIDTH

RADAR PULSE WIDTH
CATEGORY NEMENCLATURE (u SEC)
1 AN/CPN-4 .5
0.5 usec AN/FPS-41* .5
( H ) AN/MPN-11 .5
WSR-57%* .5
2 AN/MPN-13, 14, 15 .7
AN/MPN-5 .8
(0.83 usec) AN/MPS—-19 g
AN/FPN-47, 55 .833
ASR-4,5,6,7 .833
ASR"B 1-0
3
(2.0 usec) AN/APS-20 2.0
AN/FPS-6,90 2.0
AN/MPS-14 2.0
4 AN/FPS-41* 4.0
(4.0 usec) WSR--57% 4.0

*Weather Radars which have two operational pulse widths.
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The RSMS van does not have the capability in all measurement
situations to completely eliminate undesired radar signals
from interfering with emission spectrum measurements. An example
of this interference appears at 2752 MHz on the measured
emission spectrum of the Los Angeles ASR~7 radar in Figure B-15.
This frequency corresponds to the Los Angeles ASR-4 radar and
is, in fact, a low level emission spectrum of the ASR-4. The
frequency location of the interfering radars are noted on the
measured emission spectra.

COMPARISON OF MODELED AND MEASURED EMISSION SPECTRUMS

The modeled emission spectra are shown superimposed on
the measured emission spectra in Figures B-6 through B-20.

Category 1 Emission Spectra

The measured and modeled emission spectra for 0.5 usec
pulse width radars are shown in Figures B~6 through B-9.
The measured Los Alamitos AN/CPN-4 emission spectrum skirts
(Figure B-6) are 10 to 20 dB above the model. However, the
measured emission skirts of the Nérfolk AN/CPN-4 (Figure B-7)
and Alameda AN/MPN-1l1 (Figure B-8) agree with the model to
within 10 dB. The AN/MPN-1ll1 radar is electronically identical
to the AN/CPN-4 radars. The radars at the above locations all
employ the same model, 5586, magnetron tubes. There are two
possible reasons why the measured emission spectrum skirts of
the Los Alamitos radar were 10 dB greater than the measured
emission spectrum skirts of the two other electronically
identical radars. When the magnetron tube begins to fail the
level of the emission skirts tend to increase. Second, the
magnetron modulation pulse shape must be maintained within
manufacturer specifications for a clean emission spectrum.

The measured emission spectrum of the Sacramento WSR-57
radar for 0.5 usec pulse width setting (Figure B-9) was as
much as 15 dB greater than the model; however, for the 4.0 usec
pulse width setting (Figure B~20), the measured emission spec-
trum agrees with the model to within 10 dB. The same Ratheon
model QKH729 is used for both pulse width transmissions of the
WSR-57 radar. The manufacturers catalog rates the tube for
4.0 usec operation. However, the manufacturer has stated that
the tube will operate with a clean emission at 0.5 usec pulse
width. Therefore, the high emission spectrum is attributed
to the difficulty of achieving and maintaining required pulse
rise time for narrow pulse widths.
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Category 2 Emission Spectra

The measured and modeled emission spectrums for radars
with pulse widths between 0.7 to 1.0 usec are shown in
Figures B-10 through B-16. In general, the measured FAA ASR
radar emission spectra agreed closer (within 5 dB) with the
model than the military AN/MPN-13 radars. The measured
emission spectrum of the Travis AN/FPN-55 radar (Figure B-16)
agreed closely with the modeled emission spectrum. However,
the AN/FPN-55, with the exception of the antenna subsystemn,
is a military version of the ASR-5 radar.

The measured emission spectrum of the Burbank ASR-6
radar (Figure B-14) on the +AF side was as much as 15 dB
less than the model. Comparison of this emission spectrum
with the other 3 ASR emission spectra indicates that this
fast roll-off is untypical of ASR radars.

Category 3 Emission Spectra

The measured and modeled emission spectra for 2.0 usec
pulse width radars are shown in Figure B-17 through B-19.
The greatest difference between measured and modeled emission
spectra occurred for the San Pedro AN/FPS-90 radar (Figure B-19),
with differences as great as 20 dB at some fregquencies. However,
some of this difference is believed to be due to measurement
error. The San Pedro radar spectrum was measured from the
Long Beach ASR-5 radar site, located about 20 KM away. The
signal level variation introduced to the emission spectra due
to propagation short term fading is estimated, based on half
hour propagation loss measurement over this distance, to be
less than 2.5 dB. 1In addition, the low grazing angle of this
line of sight path barely cleared the trees and building tops
surrounding the measurement location. This is believed to
have introduced selective multipathing error to the measured
emission spectrum. For the above reasons, the San Pedro emis-
sion spectrum was not used in the statistical comparison between
modeled and measured emissions.

Category 4 Emission Spectra

The measured emission spectrum of the Sacramento WSR-57
radar with 4.0 usec pulse width setting is shown in Figure B-20.
The category 4 (4.0 usec) modeled emission spectrum agrees
well with the model down to the -75 4B level from the peak.

The measured emission spectrum appears to flatten rather
abruptly beyond this point.



Statistical Comparison of Measured and Modeled Emission Spectra

Statistical techniques were employed to gauge the dis-
agreement between the measured and modeled emission spectra
for the four radar pulse width categories. This was accom-
plished by computing the difference between the modeled and
measured emission spectra (EP-EM) at every 10 MHz increment
over the measured emission spectra indicated in Figures B-€
through B-18 and B-20. The differences, EP-EM, were used to
compute the statistics indicated in Table B-3. Statistical
comparisons were made for the negative (-AF) and positive
(+AF) side of the emission spectra for each pulse width cate-

gory.

The absolute mean of the difference between modeled and
measured emissions, and the standard deviation of the pre-
dicted (modeled) about the measured emissions are indicators
of the overall agreement between measured and modeled emissions.
The smallest values of these indicators occurred for the cate-
gory 2 radars.

The increase in the category 2 absolute mean from 1.4
to 3.8 dB, from ~AF to AF respectively, was primarily due to
the fast emission spectrum roll-off of the Burbank radar
(Figure B-14) which seems to be untypical for FAA radars.
The largest absolute mean and standard deviation of the
modeled about the measured emissions occurred for category 1
radars. The greatest contributors to this disagreement were
the Los Alamitos AN/CPN-4 and Sacramento WSR-57 radar emission
spectra indicated in Figures B-6 and B-9, respectively.

The negative algebraic means, X, for the category 1, 2
and 3 radar emission spectrums indicates that the modeled
emission tended to be lower than measured emissions for these
radars by 2 to 5 dB.

The standard deviation, Ogr is a measure of the variation

or repeatability of the absolute difference between modeled
and measured emissions. The o of 7 dB for category 1 radars
is about 2 dB greater than other category radars. This is
because the difference between modeled and measured emission
spectra varied from radar-to-radar the most for category 1

radars.

SUMMARY OF EMISSION SPECTRUM MODELING

Radars with 0.83 usec pulse widths, particularly FAA ASR
type radars, can be modeled with an average absolute error of
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TABLE B-3

COMPARISON OF MEASURED AND
MODELED EMISSION SPECTRA

-1
FULSE WIDTH 1 2 3 4
CATEGORY (.5 usec) (.83 usec) (2.0 usec) (4.0 usec)
STATISTICAL
COMPARISON
CRITERIA ~AF +AF -AF +AF -AF +AF ~AF +AF
r : :
= P-EM
Mean X = L(ERCEM) (aB) -1.6 | -5.5 | 0.6 1.5 0.4 | -3.6 | -1.4 | -3.2
[STANDARD 211/
DEV. ABOUT= [Z(EP—EM-X) ] (dB) 7.0 7.3 3.0 5.1 3.5 2.9 5.2 4.6
MEAN, o N
X i
EXTREMES OF -
-13. -18, -10.0 -10. -7 -7 to |-10. 8 to
DIFFERENCES BETWEEN (dB) §5_3t° 2'8 9 is 5 ig 8 to 5 to 5 12 to 6
PREDICTED AND MEASURED ' )
L a
ABSOLUTE I|EP-EM|
VMEAN N (dB) 5.4 7.2 1.4 3.8 2.5 4.0 3.9 4.6
STANDARD DEV. 27 1/2
BETWEEN PRED.= [H_E;EN_‘E&] (dB) 7.1 9.1 3.0 5.3 3.5 4.6 5.2 5.5
AND MEASURED | |

EP = Predicted or Modeled Emission Level at Particular Frequency
EM = Measured Emission Level at Particular Frequency
N = Total Number of Comparisons (Frequency Point) for Each Category

~—y



of about 3.0 dB. Radars with pulse widths of 0.5, 2 and 4 usec,
which included all military radars with the exception of one
WSR-57 weather radar, had a mean absolute difference between
predicted and measured that ranged from 3 to 7 dB. For

these cases, the modeled emission level was on the average

2 to 4 dB less than the measured emission level. .

The greatest absolute mean difference (6 dB) between
modeled and meausred emission occurred for 0.5 usec pulse
width category radars. The measured emission skirt level
varied the most (maximum 15 dB) between individual radars
in the 0.5 usec pulse width category.

This large variation even occurred between electrically
identical, including type magnetron, AN/CPN-4 and AN/MPN-11l
radars. The most likely explanation for this paradox are the
radar-to-radar differences in the magnetron age and calibra-
tion of the pulse shaping circuitry that controls the magnetron.

The following factors are believed to have caused the
radar-to-radar variations of the differences between measured
and modeled emissions:

1. Magnetron age

2. Modulating pulse shape

3. Magnetron Type

4. Magnetron Anode Voltage and Current (peak power) setting
5. Magnetron Load

The factors are listed in their suspected order of sig-
nificance. Only the first two factors are believed to have
caused the large difference in measured emission spectrum levels
for AN/CPN-4 and AN/MPN-11 radars since these radars are
electrically identical, including the type magnetron employed,
and were operated at the same peak power setting. The degree
that a conventional magnetron emission spectrum increases with
age depends on the tube type. The shape of the pulse that
modulates the magnetron must be calibrated and maintained within
the manufacturer specifications to insure a clean emission spec-
trum. Frequent calibration of the pulse rise time on narrow
0.5 usec pulse width radars is particularly critical.

It is difficult to analytically include the above factors
into the emission spectrum model. Because the standard devi-
ation of the differences between predicted and measured emis-
sions were significantly greater than the absolute mean, an
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empirical correction to the magnetron emission model, based
on the algebraic mean, is not recommended. It is believed
that the overall standard deviation between modeled and
measured emission spectrum of 6 dB may be the limit in

obtainable accuracy for conventional magnetron emission
modeling.



APPENDIX C

FREQUENCY-DEPENDENT-REJECTION

INTRODUCTION

The Frequency-Dependent-Rejection (FDR) model accounts
for the energy coupling loss of an undesired signal in a
victim receiver due to Off-Frequency Rejection (OFR) and
On-Tune Rejection (OTR) of the undesired signal, and is
therefore a necessary component in predicting radar-to-radar
interference levels. The factors which affect the FDR of a
victim radar are the undesired signal emission spectrum,
victim receiver IF selectivity characteristics, and the
frequency separation between the interfering and victim radar.
This appendix discusses the techniques used to model the
radar IF selectivity, and presents the method and program
used to compute the FDR factor. FDR curves computed from the
modeled IF selectivities and emission spectrums, and used in
Los Angeles and San Francisco area investigations are also
presented.

IF SELECTIVITY

Since the victim receiver frequency selectivity is the
principal means by which the receiver discriminates agains
undesired signals, it is an important input parameter to the
FDR program.

Receiver spurious responses must also be considered when
determining the FDR of a victim radar to an undesired signal.
Spurious responses occur when the undesired signal is at a
frequency such that it mixes with the local oscillator to
produce an output at the receiver IF frequency. Since most
radars have mixers, only image responses were investigated.
The local oscillator frequency of most radars are tuned to
30 MHz above the receiver RF tuned frequencies in order to
obtain an IF frequency of 30 MHz. An RF undesired signal
that is 30 MHz above the local oscillator frequency (60 MHz
above RF receiver center tuned frequency) will also be down-
converted to the 30 MHz IF frequency. Modern radars normally
employ an image-rejection mixer or a notch filter at the
radar input to suppress image responses. The image response
of the AN/CPN-4 and AN/MPN-13 radars are generally only 15 dB
down from their center-tuned response, the ASR-4, 5 and 6
47 dB down, and the remainder of the radars greater than 50 4B
down. Reduced FDR due to receiver image response was not
incorporated in the FDR model, but was considered in an
independent FDR calculation.



The selectivity of a receiver is the composite selec-
tivity of all the tuned circuitry in the receiver prior to
detection; however, in a superheterodyne receiver, the
selectivity is determined by the IF stages because the
preceding mixer and RF circuits are relatively broadar band.
This is because the required filter characteristics are

more physically relaizable and less expensive to build at the
lower IF frequency.

IF Selectivity Modeling

The radars in the 2.7 to 2.9 GHz band generally employ a
combination of synchronously-tuned, stagger-tuned triplets,
and stagger-tuned doublet stages of IF amplification. The
frequency response function (Reference 26) for the number and
type of tuned IF stages employed in most radars indicated
that an 80 dB/decade slope beyond the -3 dB points is the
best choice for the IF selectivity model. This fall-off slope
agrees with measured IF selectivities of the 2.7 to 2.9 GHz
band radars that appear in Reference 27. Although some radars
may have a steeper selectivity skirt, this will not signifi-
cantly affect the frequency-dependent-rejection since the
20 and 40 dB/decade fall-off of conventional magnetron emission
spectrum (see emission spectrum modeling equations B-1l through
B-3 in Appendix B) governs the shape of the FDR curve.

To simplify the modeling effort, radars with nearly
identical IF selectivities and bandwidths were grouped into
the categories indicated in Table C-1. The modeled IF selec-

tivities for the categories listed in the Table are plotted
in Figure C-1.

FDR CALCULATIONS

FDR is the sum of attenuation of the undesired signal due

to OFF-Frequency-Rejection (OFR) and the On-Tuned-Rejection
(OTR) in 4B.

FDR (dB) = OFR(dB) + OTR(d4B) EQ. C-1

Off-Frequency Rejection (QOFR) is defined in Reference 28 as:

JATIg.
OFR = G (F+AF) EQ. C-2

/P(F‘) aF
G(F)




TABLE

M

~1

EADAR IF BANDWIDTH CATEGORIES

-
RANDWIDTH
CATEGORY RADAR (MHzZ)
A AN/APS-20 1.0
(1.0 MHz BANDWIDTH)| AN/FPS~6 0.8
AN/FPS~90 0.8
AN/MPS-14 0.8
WSR-57* 0.75
B AN/CPN-4 2.25
(2.25 MHz BANDWIDTH| AN/MPN-11 2.25
AN/MPN-13,14,15 2.26
AN/MPS-19 3.00
AN/FPN-47 5.0 *x*
c AN/FPN-55 5.0 *kx
(5.0 MHz BANDWIDTH)| ASR-4,5,6,7 5.0 **%*
WSR--57 ** 4.5

* (4.0 usec pulse width mode)
**x (0.5 sec pulse width mode)
*** (MTI Mode Bandwidth)
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Where P(F) = transmitter relative power density (normalized)
to be < 1)
G{F) = relative receiver selectivity (normalized
to be > 1)
AF = frequency separation (transmitter minus

receiver frequency)

Absolute transmitter power and receiver sensitivity does not
enter into the caluclation because FDR depends only on the
shape of the victim receiver IF selectivity and undesired
signal emission spectrum.

Since the undesired signal emission spectrum and victim

receiver selectivity curves are usually given in dB units,
a more practical form of equation C-2 in d4dB is:

[Pgp (F)-Ggg (F+AF)1/10

_ dr EQ. C-3
OFR3p 10 log //'10 Q
r -
LPdB(F) CdB(F)]/ﬁg?
-10 log 10
Where
PdB(F) = emission spectrum, in dB
G, (F) = selectivity curve, in 4B

dB

The On-Tuned-Rejection (OTR) factor is derived in
Reference 30, In summary, the OTR factor can be obtained
by considering the Laplace transforms of a single pulse of
amplitude "A" and width t:

SINGLE sin TFT .
Ld = AT ——— e - JTEFT EQ. C-4
PULSE TFT

Where the Laplace transform parameter, S, has been replaced by
j2mF. The phase given by the exponential factor indicates

that when- the receiver bandwidth B, is less than the emission
bandwidth By = 1/t, the phase variation over the receiver band-
width is small. This means that the voltage must be summed
first and then squared instead of summing the square of the

Cc-5



voltages as many documents imply. For a relatively constant
emission spectrum over the IF pass band, the received peak
power is therefore proportional to the ratio of the receiver
to transmitter bandwidths and the OTR factor in dB is given by:

20 log Bp/By B,<B

OTR = 10 R T EQ. C-5
>
0 BR BT
Where
BR = receiver 3 dB bandwidth
BT = emission 3 dB bandwidth

OFRCAL Program and its Validation

A computer program called OFRCAL (Reference 29) was
employed to evaluate equation C-3 numerically by the trapezoidal
method. Input to the program consisted of amplitude (dB) and
frequency data point pairs of the undesired signal emission
spectrum and victim receiver IF selectivity curves.

The OFRCAL program accuracy was validated by experiment.
This involved using the measured IF selectivity (Figure C-2)
of the RSMS spectrum Analyzer and the measured emission
spectrum output (Figure C-3) of a RF pulse generator as inputs
to the OFRCAL routine. The FDR curve computed by the routine
was then compared with the measured FDR curve as shown in
Figure C-4. The measured FDR was obtained by using the RF
pulse generator as an input source to the RSMS spectrum
analyzer and tuning the spectrum analyzer across the RF pulse
emission spectrum. The measured and computed FDR curves
agreed within 2 dB of each other at all AF frequencies.

Computed FDR's for Radar-to-Radar Interference Predictions

The computed FDR curves used in the Los Angeles and San
Francisco area radar-to~radar interference investigations are
presented in Figures C-5 through C-16. The FDR curves are
computed for combinations of the emission spectrum categories
listed in Table B-2 and the receiver IF bandwidth categories
listed in Table C-1.

The OFRCAL routine used to compute the FDR performs the
integration relative to the receiver tuned frequency.
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Therefore, the FDR for positive values of AF correspond to
the transmitter being tuned higher than the receiver frequency.

The OTR factor was computed using Equation C-5 to take
into account the category A receiver bandwidth being less
than the category 1 and 2 transmitter emission bandwidths.
The FDR curves that appear in Figures C-5 and C-8 were shifted
up about 6.0 and 2.0 dB, respectively, to take the OTR
factor into account.

Emission Spectrum Effect on FDR

-

The relative width of the category 1 through 4 emission
spectra are reflected in the FDR curves. The narrowest
emission spectra, associated with category 4 transmitters,
caused the category 4 transmitter FDR curves (Figures C-14
through C-16) to have steeper slopes in the AF = 0 region
than other transmitter category FDR curves (Figures C-5
through C-13). This indicated that the FDR curve is highly
dependent on transmitter emission spectra shape and relatively
independent of IF selectivity curve shape.

SUMMARY OF FDR MODELING

Since FDR is emission spectrum dependent, the error in
FDR predictions are dominated by the error between measured
and modeled emission spectra. FDR curves were computed
using the Ontario ASR-5 and Longbeach ASR~5 radar measured
emission spectra (Figure B-12, B-13), and the measure IF
selectivity of the Los Alamitos AN/CPN-4 radar (Figure C-17).
The resulting FDR curves are shown in Figure C-18 and C-19
superimposed on the corresponding transmitter/receiver
category FDR curves computed from modeled emission spectra
and IF selectivities.

The difference between the FDR curves, FP-FM, were
computed for every 10 MHz. These differences were used to
compute the average absolute difference and standard
deviation indicated in Table C-2, for the -AF and +AF regions
of FDR curves. The agreement of the average absolute error
and standard deviation values for category 2 radars, shown
in Table C-2, agree to within 0.2 dB of those for the
category 2-emission spectrum errors shown in Table B-3. This
confirms that the FDR error approximately equals the emission
spectrum modeling error.

Uncertainty in the exact frequency separation can also
contribute to error in the FDR prediction. Radar frequency
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TABLE C-2

COMPARISON OF FDR CURVES COMPUTED
FROM MODELED AND MEASURED DATA

|
SIDE OF FDR
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+AF
STATISTICAL
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CRITERIA
= e
MEAN X = ‘Elfﬁ:ﬁﬂl (dB) 1.4 3.3
STANDARD 2] 1/2 ,
DEV. BETWEEN —_ [MJ (dB) 3.3 5.4
PRED. AND MEAS. N
b [

FP

M

z

Computed FDR Based on Modeled Emission Spectra and IF
Selectivity Curves

Computed FDR Based on Measured Emission Spectra and IF
Selectivity Curves

Total Number of Comparisons (Frequency Points)



measurements in the Los Angeles and San Francisco area indicate
that radars are not always operated exactly at their assigned
frequency. The error contribution to FDR predictions due to
the uncertainty of frequency separation between transmitter
(interferer) and receiver (victim) can be significant for
frequency separations less than 10 MHz.



APPENDIX D

PROPAGATION LOSS

INTRODUCTION

The prediction of the propagation loss between interfer-
ing transmitters and victim receivers is an important step
in an EMC analysis because it affects the level of inter-
ference at the victim receiver. In order for a propagation
model to give accurate predictions, it must consider the
environment in which the system operates and all possible
modes of propagation.

This appendix discusses the capability and inadequacies
of the propagation models used in the Los Angeles and San
Francisco area radar-to-radar interference investigations.

The propagation losses predicted by the models are compared
with measured propagation losses. The appendix also discusses
factors that contributed to the differences between predicted
and measured loss, and proposes methods in which the factors
can be included in the prediction of propagation loss.

PROPAGATION LOSS PROGRAMS AND MODELS

The area and point-to-point version of the propagation
loss model, founded on the 1968 Computer Method by Longley
and Rice (Reference 14), was employed in this investigation.
The model was derived from well established propagation theory
with adjustments based on extensive transmission loss measure-
ments over various terrains in unpopulated areas. The follow-
ing is a brief description of the two versions of the program
and how they were applied in the Los Angeles and San Fran-
cisco area radar-to-radar interference investigation.

Point-to-Point Model

The point-to-point batch program is normally used to com-
pute basic propagation loss when the specific coordinates of
antenna locations are known. The program automatically addres-
ses a terrain data base, extracts the appropriate terrain
profile, computes geometric terrain parameters, and selects
the lowest loss propagation mode for calculation of propaga-
tion loss. One critical parameter in any model that predicts
propagation loss over irregqular terrain is that which charac-
terizes the terrain roughness. The point-to-point model
employs an "interdecile" range parameter, Ah(d). Using the
least squares method, a straight line is fitted to the terrain



profile, and the cumulative distribution of terrain heights
above and below this line are computed. The difference
between the 90 and 10 percentile (i.e., the interdecile range)
of the cumulative distribution defines Ah(d).

Area Model

The area version of the model is normally used to compute
basic median propagation loss when the particular path or
specific antenna locations are not known. The terrain para-
meter, Ah(d), for the point~to-point model is deterministic
and computed from a single path. However, the area prediction
model uses Ah(d) as a statistical parameter to characterize
terrain roughness of many paths in a general area. The Ah(4)
in this case is the median distribution value of Ah(d)'s
associated with many point-to-point paths. The Ah(4)
parameter for the area model is usually estimated from
Table D-1 or a map of Ah(d) contours.

TABLE D-1

Propagation Roughness Factors

Type of Terrain ) Ah (meters)
Water or very smooth terrain 0-1
Smooth terrain 10-20
Slightly rolling terrain 40-60
Hilly terrain 80-150
Rugged mountains 200-500

The area model also requires the user to specify one of
the three following antenna siting factors:

1. Random . . . . 0 meters

2, Fair . . . . . 5 meters

3, Good . . . . . 10 meters
to account for the antenna's terrain elevation effects on
propagation loss. The siting factor is defined as the median

difference by which the effective antenna height above thg
ground exceeds the structural antenna height. The effective

D=2
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antenna height is the antenna height above its effective
reflecting plane or its surrounding average terrain level. 1If
random siting is specified, the program sets the effective
antenna height equal to the antenna structural height. For
antenna locations near and on hilltops, fair and good siting
respectively, whould be specified. 1In this case, the effec-
tive antenna height computed exceeds the structural height

by an amount whose median value depends on the structural
antenna height and the parameter Ah(d).

APPLICATION OF PROPAGATION MODELS

Both the point-to-point and area versions of the propaga-
tion programs were employed in this investigation. The point-
to-point propagation program was used to predict propagation
loss between 253 radar pair combinations in the Los Angeles
area and 210 radar pair combinations in the San Francisco
area. These loss predictions were used in the INR calculations
for all radar pair combinations.

The area model was also used to predict propagation loss
over those radar-to-radar paths (21) in which propagation
loss measurements were made. This allowed the point-to~-point
and area model prediction accuracies to be compared. Because
of the subjectivity involved in selecting the antenna siting
factor associated with the area model, the area model loss
predictions were made with both random and fair antenna siting
factors specified. To take advantage of the known terrain
profile between radars and increase prediction accuracy, the
Ah(d)s computed by the point-to-point model were used in the
area model predictions.

Propagation Model Mode Selection Deficiencies

The accuracy of the point-to-point propagation loss
prediction depends on the resolution of the topographical
terrain data file and the model's interpretation of it. The
terrain data file includes data points every 30 seconds of
arc which corresponds to a distance of 0.5 nautical miles.
Although this resolution is adequate for many applications
involving relatively smooth terrain, it can give large errors
for propagation loss predictions over rough terrain. The
propagation program interprets the elevation of the terrain
data point that falls horizontally closest to the specified
antenna coordinates as the antenna site elevation. This
interpretation can result in a propagation mode selection
error when the closest terrain data point to the antenna site
is at a lower elevdtion than the actual antenna site elevation.
The problem manifested itself in the Los Angeles investigation
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for the propagation prediction between the San Pedro and Los
Angeles airport radars. For this path, the model placed the
San Pedro radar on the other side of San Pedro Hill from the
Los Angeles Airport radars; however, the antenna site is
actually located on the top of the hill. The program conse-
quently interpreted the terrain profiles as a knife edge path
and computed 153 dB propagation loss. When the program was
manually instructed to use the correct line-of-sight path, it
computed a loss of 133 dB. This program deficiency was cor-
rected for the San Francisco area investigation by providing
the user with an option to specify the antenna site elevation.

The point-to-point program also incorrectly interpreted
three single knife edge propagation paths as being double
knife edge. This situation occurred when adjacent terrain
data points were located at approximately equal terrain eleva-
tions on opposite sides of a common horizon peak. The program
incorrectly identified the mountain or hill as having a flat
top between the two data points and selected double knife
edge as the mode for predicting propagation loss. The 6 to 11
dB loss prediction error that resulted from this incorrect
program mode selection was corrected by manually rerunning
the program with the sum of the distances between the radars
and their horizons set equal to the total great circle distance
between the two radars.

The terrain profile computer printouts and propagation
mode selection for each path investigated in the Los Angeles
and San Francisco area were examined to insure that the
proper propagation mode was selected by the model.

BASIC PROPAGATION LOSS MEASUREMENT PROCEDURE

The following is a discussion of the RSMS van antenna
systems used during the measurements to determine the propa-
gation path loss between radars in the Los Angeles and San
Francisco area, and the procedure used to calculate the basic
propagation loss for validation of the previously mentioned
propagation models. A detailed description of the RSMS van
instrumentation and software programs (Single Frequency Scan
and Frequency Tracking Scan) used to determine the propagation
loss are discussed in Appendix G.

RSMS Van Antennas

In a free space propagation coupling environment, the
power level received at the input of a measurement receiver,



after normalization of the receiver antenna gain, is indepen-
dent of the receiving system antenna pattern. However, in a
multi-pathing and ducting environment, the power level
received 'is very much affected by the receiving system antenna
pattern. In fact, in a multipathing and ducting environment,
the propagation loss and receiving antenna pattern are vir-
tually inseparable. The RSMS van does not have an antenna
system which approximates the cosecant squared elevation
pattern of the normal search radar, or the ability to adjust
the height of a directional antenna to the height of the
actual radar antenna. It is generally believed that if there
is any major flaw in the procedures used to determine the
propagation loss between radars, it is in the receiving antenna
system used. Because of this, a discussion of the RSMS van
antenna systems used to determine the propagation path loss
between radars is imperative.

Three types of RSMS van antennas were employed to measure
propagation loss:

1. A right-hand circular polarized one meter diameter
parabolic reflector.

2. A right-hand circular polarized cavity back spiral.
3. A +45 degree slant polarized omni-directional antenna.

Both the dish (parabolic reflector) and nondirectional antennas
(cavity and omni) were used to measure propagation loss over
all paths when the nondirectional antennas provided sufficient
sensitivity. However, for certain propagation conditions,

only the:data measured with the dish or nondirectional antennas
were used to determine propagation loss. The following is a
discussion of the selected RSMS van antenna used for par-
ticular propagation conditions.

Dish. The dish (parabolic reflector) was used to measure
loss over those paths in which multipath was primarily taking
place in the azimuthal plane. The 8 degree pencil beam of
the dish approximates the radar's azimuthal antenna pattern
response to azimuthal multipath closer than the nondirec-
tional antennas.

Nondirectional Antennas. The cavity and omni antennas were
used, when they provided sufficient measurement sensitivity,

to measure propagation loss during superrefraction conditions.
During superrefractlon conditions and for paths over water,
multipathing primarily occurs in the elevation plane. The

wide elevation beam width of the nondirectional antennas
approximate the radar cosecant squared elevation antenna
pattern closer than the dish's 8 degree beamwidth. In addition,
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combining the ducting data measured with the nondirectional
and dish antennas would unrealistically increase the signal
variation due to ducting from 40 to 60 dB. The majority of
this 20 dB increase is believed to be due to the different

response of the nondirectional and dish antenna pattern to

multipath.

The capability to adjust the cavity antenna height was
used to measure propagation loss as a function of antenna
height. The cavity was also used over those paths in which it
was critical to measurement accuracy to match the measurement
receiving antenna height to the radar antenna height.

Calculation of Basic Propagation lLoss

The received power level measured by the RSMS van was
used to compute the basic transmission loss (LM) by:

=P +G_ -1 =~ L_ + + - -
M T T T s A RS (D-1)

PT = transmitter power, in dBm
Gp = transmitter antenna gain, in dBi

L = radar transmitting antenna gain reduction

due to the upward tilt angle of the transmitting
antenna, in positive dB

LI = transmitter waveguide and coupling loss, in
positive 4B

Gy = the RSMS van receiving antenna gain, in dBi

Lo = receiving antenna cable calibration correction
factor, in dB

PR = measured receive power, in dBm

The values for the transmitter power (P..) were obtained
f¥om radar site personnel and confirmed by ofi-site observa-
tion of the radar transmitter power meter. These values were
gsed instead of the GMF transmitter power values indicated
in Tables 4-2 and 5-2 to minimize error in the propagation
loss calculations. The transmitter antenna gain values (Gm)

were obtained from the GMF and confirmed by phone contact with
site personnel.
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The transmitter antenna tilt angles shown in Tables 4-2
and 5-2 were obtained by phone contact with radar site per-
sonnel and subsequently confirmed by on~site observation.

The radar antenna gain reduction (Lp) due to antenna tilt
angle was determined by one of two techniques. For radars
having a cosecant-squared elevation antenna pattern, the gain
reductions were determined from the ASR elevation pattern
shown in Figure A-2 of Appendix A. For radars having a pencil
beam antenna, such as the WSR-57, the gain reduction was
computed from the Bassel functions that define the antenna
pattern of a circular aperture antenna with cosine-squared
aperture illumination (Reference 53). This function was then
checked against the known 3 dB beamwidth and sidelobe speci-
fication of the antenna for accuracy.

A 2 dB insertion loss (Ly) was included for all radars
to account for the transmitter waveguide and rotary coupler
loss and is based on measurements performed by the FAA
(Reference 31) on an ASR-4 radar.

The calibrated antenna gain (Gy) of the RSMS van dish,
cavity, and omni antennas are 20, 3, and 0 dB, respectively.
These values include the 3 dB polarization mismatch loss for
reception of a vertical and horizontal polarized signal.

A correction factor (Lc) of 2 dB was included for those
measurements performed with the dish and omni antennas. This
correction factor was not required for measurements performed
with the cavity antenna because noise diodes located on the
van antenna tower were used to calibrate out the cable loss.

PROPAGATION LOSS MEASUREMENTS

Propagation loss measurements between radars in the Los
Angeles and San Francisco area were measured with the RSMS
van intermittently during 1975. The measurements were
conducted over 13 paths in the Los Angeles area and 8 paths
in the San Francisco area.

Propagation Measurements over Nonducting Paths in Los Angeles
Area

The results of propagation loss measurements over 13 non-
ducting paths in the Los Angeles area are shown in the next to
last column of Table D-2. The predicted propagation loss for
the point-to-point model and the area model with both random
and fair antenna siting specified are also shown in the Table.
The difference (LP-LM) between the loss predictions and
measurements are shown adjacent to the model prediction columns.



The measured propagation loss shown in the Table for
each path represents the statistical reduction of numerous
half-hour measurements at different RSMS van locations around
each radar antenna site. The measurements were conducted at
more than one position to average out the effect of signal
level variation due to multipathing. Signal level changes
due to short term fading during half-hour propagation measure-
ment was less than 4.0 dB. The median value of this signal
level variation was used in determining the measured losses
shown in Table D-2.

Long Beach to Los Alamitos Propagation Measurements. To
investigate the effect of the antenna height difference between
the cavity and dish antenna on measured propagation loss,
the loss was measured as a function of cavity antenna height
at Los Alamitos (Figure D-1) and Long Beach (Figure D-2). The
table in the upper riaght hand corner of Figure D-1 and D-2
indicates the antenna height corresponding to the time
reference scale on the abscissa. The propagation loss measured
from 10.5 to 25 feet antenna height at Los Alamitos resulted
in a 4.0 dB difference, and at Long Beach a 11.0 4B difference.
These changes in propagation loss with antenna height (antenna
height gain) exceeded that predicted by the propagation model.
This is believed to be due to the fact that the model did not
take into account the reduction in shadowing by trees and
buildings. The propagation loss difference for 10.5 and 25
feet antenna heights at Long Beach was 7 dB greater than the
change at Los Alamitos, because the Los Alamitos radar antenna
is located in an open airfield and the Long Beach radar antenna
in an area surrounded by trees and buildings. Figure D-3
illustrates the geometry of the clutter relative to the paths
between the transmitting and receiving antenna for various
receiver antenna heights. The two ray paths (indicated by
solid lines) from the Long Beach radar antenna to the two
antenna measurement height extremes at Los Alamitos do not
pass through the trees; however, the propagation ray paths
(indicated by dotted lines) from the Los Alamitos radar antenna
to the lower measurement antenna height at Long Beach, does
pass through the trees and buildings resulting in increased
signal attenuation.

The propagation loss measured on the Long Beach end of
the Long Beach/Los Alamitos path was 157 dB with the cavity,
and 176 dB with the dish. Eleven of this 19 dB variation in
measured propagation loss was due to the difference between
the dish antenna height (14 feet) and the cavity antenna
height (25 feet) as indicated in Figure D-3. The remaining
8.0 dB of the 19 dB difference between using the cavity and
dish at Long Beach, is attributed to the difference in
weighting of the diffused signal energy through the trees by
the different beamwidths associated with the cavity and dish

D-8



TABLE D-2

COMPARISON OF PREDICTED RND MFASURED PROPAGATION LOSS BETWEEN
10OS ANGELES RADARS

POINT-TO-POINT AREA LOSS AREA LOSS
LOsS RAND?“ SfTI§G FAIR SITING MEAS, |CHARACTERIS~
50/50 (dB) 50/50 (dB 50/50 (dB EQUIV. TICS .
FROM TO DIST. ! / ) 1.0SS
(kM) lpreDpICTA PREDICT- PREDICT- M OF
ED (LP) | LB-LM |ED (LP) |LP-LM ED (LP) | LP-LM (dB) PATH
i: — —————— x
7,0S ANGELES |LO5 ALAMITOS ROUNDED EARTH
ASR-4 AN /CPN~-4 37.3 179 7 166 -6 162 -10 172 (BUILDINGS)
-4 4
1LOS ANGELES [LOS ALAMITOS ROUNDED EARTH
ASR-7 AN/ CPN-4 36.5 176 -9 165 -20 161 -24 185 {(BUILDING)
. J
BURBANK r.0S ALAMITOS KNIFE EDGE
ASR-6 AN /CPN-4 54.1 186 1 183 -2 177 -8 185
EL TORO 1.0S ALAMITOS LINE~-OF-SIGHT
ASR-5 AN/CPN-4 34.2 142 -16 166 8 155 -3 158
- -+ -
ONTARIO 1.0S ALAMITOS KNIFE EDGE
ASR-5 N /PN~ 4 5.4 183 1 161 23 J 150 34 184
T. 5 d
TORTON LOS ALAMITOS
AN/MPN-13  |an/CPN-4 82.5 198 6 202 10 199 7 192 KNIFE EDGE
l ] 1
SAN PEDRO [ILOS ALAMITOS
AN/FPS-90 AN /CPN-4 27.0 137 14 176 25 166 15 151 LINE-OF-~SIGHT
-L -L o Y JI
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TABLE D-2

(Continued)

POINT-TO-POINT | AREA LOSS AREA LOSS
FROM TO DIST. LOSS RANDOM SITING FAIR SITING MEAS. |CHARACTERIS~
(kM) 50/50 (dB) 50/50 (dB) 50/50 (dB) EQUIV. TICS
y LOSS
PREDICT-|{yp-gM [PREDICT-) rp-rM  PREDICT- LP-IM LM OF
ED (LP) ED (LP) ED (LP) (dB) PATH
£ —— b+ *
LONG BEACH [LOS ALAMITOS| g,9 130 -19 138 -11 131 -18 149 LINE-OF-SIGHT
ASR-5 iN/CPN—4 (BUILDINGS)
- + o
LOS ALAMITOSLONG BEACH | LINE~OF-SIGHT
AN/CPN-4 IASR-5 8.9 130 =27 138 -19 131 -26 157 (BUILDINGS)
v + + - +
R NG BEA INE-OF~SIGHT
ELoLORO [LORG BEACH | 431 | 144 | -24 174 6 167 -1 | 168 | MINE
143% 172*
b | . r
BURBANK LONG BEACH KNIFE EDGE
47.1 182 -7 181 -10 172 -19 191
SR-6 SR-5
A A 181 175 171 (BUILDING)
LONG BEACH |BURBANK [ ] KNIFE EDGE
47.1 184 -3 181 -7 172 -13 185
- R-
ASR-5 ASR-6 181+ 178+ 171#* (BUILDING)
.
84.4 154 -22 199 23 197 21 176
EL TORO BURBANK NIFE EDGE
ASR-5 ASR-6 151* 196* 195+ K
LOS ANGELES |LOS ANGELES E-OF-SIGHT
ASR-4 ASR-7 2.4 | 119 -5 114 -10 111 -13 | 124 (BULLDINGS)

*Predicted Propagation Loss For Radar
Dish Antenna Height.

Antenna Height if

Different than Predicted for Van
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TIME REFERENCE SCALE

Measured Propagation Loss at Long Beach from
Los Alamitos as a Function of Measurement

Antenna Height

Figure D-2.

TIME REFERENCE SCALE

Long Beach as a Function of Measurement Antenna

Measured Propagation Loss at Los Alamitos from
Height.

Figure D-1.
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R*DAR ANTFENNA AND
HTIGHEST !{EASURFMENT
ANTENNA POSITION

&

Los Alamitos \\\\\ ‘ Long Beach

RADAR ANTENNA AND
LOWEST MEASUREMENT
ANTENNA POSITION

NOTE: Ay is height range that measurement antenna was varied

Figure D-3 Propagation Loss Geometry Associated with Measured
Propagation Loss vs. Antenna Height at Los Alamitos
and Long Beach



antennas. The 75 degree beamwidth of the cavity antenna
captures more multipath energy than the dish's 8 degree
beamwidth.

To preclude propagation loss measurement error due to
differences between the radar and receiving measurement
antenna height, the cavity antenna was used at the Long Beach
end of the path. It was the only RSMS van antenna that could
be matched to the radar antenna height. The dish was used
on the Los Alamitos end of the path because the dish height
is approximately equal to the Los Alamitos radar antenna.

The :long term propagation loss measured on the Los
Alamitos lend of the path (see Table D-2) was 149 dB; however,
on the Long Beach end of the path it was 157 dB. This 8 dB
difference is attributed to two reasons. The azimuthal dis-
tribution of multipath signal phase and amplitude arriving
at the measurement receiving antenna was different at the
two radar site locations. In addition, the cavity and dish's
antenna response to a multipath environment are different
because they have different antenna patterns.

To lnvestlgate the multipath environment between Long
Beach and Los Alamitos, the RSMS van dish antenna pattern
was measured at Los Alamitos using the Long Beach radar as
a signal source. This involved tuning the RSMS receiver to
the Long Beach radar frequency and rotating the RSMS van
antenna 360 degrees. The resulting antenna pattern, shown in
Figure D-4, was compared with the RSMS van dish free space
antenna pattern to determine the level of the antenna response
to multipath signals as a function of azimuth. The peak of
the pattern corresponds to the Long Beach radar azimuth. The
second peak labeled Screen corresponds to the azimuth of an
18 by 100 yard metal screen on the outside edge of the Los
Alamitos alrfleld periphery. A geometrical analysis revealed
that the 'screen's vertical plane orientation was such that
equal incident and reflection angles occurred for multipath
signals between Long Beach and Los Alamitos. However, the
angle between the direct and reflected path at the two radar
sites was greater than the radar azimuth antenna beamwidths.
Therefore, the direct energy from the radar and reflected
energy from the screen incident on the measurement receiving
antenna was at least 20 dB different for the instant that
radar and measurement antenna mainbeam coupling occurred.
This analysis indicated the difference in loss measured on
the two ends of this path was not due to the screen, as
originally suspected, but due to the effect of multipath
within plus or minus 10 degrees of the direct path.
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Long Beach to Burbank Propagation Measurements. The
RSMS van dish antenna was used as the receiving antenna on
both ends of the Long Beach to Burbank path to measure pro-
pagation loss, because only the dish antenna provided suf-
ficient measurement sensitivity. The loss measured on the
Long Beach end of the path was 191 dB and on the Burbank end
185 dB. However, the point-to-point propagation model pre-
dicted that the loss should be 2 dB less on the Long Beach
end of the path because the Burbank radar is 36 feet (62-26)
higher than the Long Beach radar antenna. This total 8 dB
difference between expected and measured propagation loss
is attributed to the fact that the van dish was at a lower
height than the radar antenna. This increased the measured
loss more on the Long Beach end of the path because the Long
Beach radar site is surrounded by close-in buildings and
trees, while the Burbank site is located in an open area.
The van dish height was well below the tops of trees and
buildings at the Long Beach radar site.

San Pedro to Los Alamitos and Long Beach Propagation
Measurements. The propagation loss from San Pedro to other
radars was difficult to measure because of the nonperiodic
scan of the AN/FPS-90 height finding radar antenna. However,
the power level from San Pedro was measured at Long Beach and
Los Alamitos over a continuous ten-hour period. A one-hour
sample of each site measurement is shown in Figure D-5 and
D-6. The sawtooth pattern is caused by the irregular azimuthal
rotation of the AN/FPS-90 height finding radar antenna. The
measured equivalent propagation loss for these paths, that
appears in Table D-2, was computed using the height finder's
mainbeam antenna gain of 39 dB and the maximum power received
during the 10 hour propagation loss measurement period.

Propagation Measurements Over Nonducting Paths in San Francisco
Area

The results of the propagation loss measurements over 6
nonducting paths in the San Francisco area are shown in the
next to last column of Table D-3. All paths were identified
as line-of-sight by the point-to-point propagation model
except from Mather-to-Travis which was identified as a for-
ward scatter path.

Propagation measurement data from the Mt. Tamalpais and
Almaden AN/FPS-90 height finding radars were obtained by co-
ordlnatﬂng with the ADC personnel to have the radar's antenna
nod in the direction of the measurement van for a one-half
hour period. This insured mainbeam coupling of the height
finding radars with the measurement van antenna. The propaga-
tion loss measurements from the Sacramento WSR-57 to the Travis
AN/FPN- 55 radar were conducted with the WSR-57 radar antenna

D-15
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69,80

30.0
TIME IN MINUTES

®

€0 .80

30.0
TIME IN MINUTES

Measured Power Level at Los Alamitos from San
Pedro AN/FPS-90 using RSMS Parabolic Dish as

Receiving Antenna

Figure D-6."

Antenna

iving

Measured Power Level at Long Beach from San
Pedro AN/FPS-90 using RSMS Parabolic Dish

as Rece

Figure D-5.
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TABLE D-3

COMPARISON OF PREDICTED AND MEASURED PROPAGATION LOSS BETWEEN SAN
FRANCISCO RADARS

CORRECTED POINT- AREA LOSS AREA LOSS
v |eisn. | TOEOTT IoSs | RAMDOZSIIING | FAZLSIEING | e,
(kM) EQUIV. |CHARACTERIS-

[ ___ . L0SS- TICS

PREDICT- PREDICT- PREDICT- LM OF

ED (LP) | rpopm  [ED (LP) |LP-LM  [ED (LP) | 1p-rm (dB) PATH
ALMADEN MOUNTAIN
AN/FPS-90 VIEW 31.2 143 2 205 64 196 55 141 LINE~OF~SIGHT

§ ASR"S |
MT.
TAMALPAIS | woapr LN 75.3 | 151 -9 197 37 193 33 160  |LINE-OF-SIGHT
AN/FPS-90 ASR-5
+ —
OAKLAND
ASR-7 ﬁ;ﬁﬁggéll 12.6 136 ~12 135 -13 135 -13 148 LINE-OF-SIGHT
(EXCEPT SHIPS)
M- ALAMEDA
TAMALPAIS —OF -
it AN/MPN-11 28.1 142 3 195 56 183 44 139 LINE-OF~-SIGHT
MATHER TRAVIS 63.9 179 6 190 17 184 11 173 FORWARD
AN/MPN-~1 3 AN/FPN-47 SCATTER
SACRAMENTAL | TRAVIS 51.4 148 -8 162 6 161 5 156 LINE-OF~SIGHT
WSR-57 AN/FPN-47
o b




rotating in azimuth at 1.0 degree elevation. The gain reduc-
tion due to the 1° elevation tilt of the WSR-57's pencil beam
antenna was accounted for in determining the measured propaga-
tion loss.

The propagation loss from the Mt. Tamalpais AN/FPS-90
to the Mountain View ASR-5 and Alameda AN/MPN-l1ll radars were
both measured over a half-hour period. The signal level
varied 10 4B more than the normal short term fading observed
on nonducting paths. The 14 dB signal level variation over
these two paths may have been due in part to ducting. A
large percentage of each path transverses the San Francisco
Bay, but the average altitude of the path was 1500 feet
higher than paths in which 35 dB signal level variations due
to ducting occurred. Since insufficient data was taken to
positively identify the occurrence of ducting from Mt.
Tamalpais, the measured and predicted losses for these two
paths are recorded in the nonducting path (Table D-3).

Propagation Measurements Over Los Angeles and San Francisco
Ducting Paths

A high degree of ducting occurred over the Miramar to
Los Alamitos path in the Los Angeles area, and over the
Oakland to Mt., View, and Alameda to Mountain View, paths in
the San Francisco Bay area. The statistics of the signal
level variation for each path is indicated in Table D-4
along with the point-to-point model propagation loss predic-
tions. The accumulative probability distribution of the
measured propagation loss versus time for the three paths
are shown in Figures D-7, D-8, and D-9. These curves and the
statistics shown in Table D-4 were derived from data measured
over a 7-hour period of time and do not necessarily represent
typical signal variations for every day of the year. Varia-
tions in signal level not only occur as a result of meteorolo-
gical changes through the day, but from season-to-season.

Many researchers have investigated the ducting phenomenon
in the California area. Bean (Reference 54) noted that during
the summer months at San Diego and Oakland that an elevated
duct is observed about 50 percent of the time. Rosenthal
(Reference 60, 61) and Crain (Reference 62) states that much
of the coastal area of California is usually in a moist marine
layer capped by a dry inversion layer. The inversion layer
produces ducting conditions throughout the year and is most
frequent in the summer months. Meterological parameters were
measured by NELC (Reference 43) over a 5-year period, for all
seasons and times of the day, in the off-shore San Diego area.
These studies indicated that radar range enhancement occurs
302 of the time. Bean and Cahoon (Reference 55) report rapid
horizontal changes in refractive index associated with land-sea

D-18
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TABLE D-4 COMPARISON OF PREDICTED AND MEASURED

PROPAGATION LOSS FOR PATHS IN WHICH
DUCTING OCCURRED

POINT-TO- )
FROM TO DIST POINT MEASURED LOSS (dB)
(KM) PREDICTED
LOSS (dB) ] T STANDARD ]
EVIATI
MEDIAN MINIMUM | MAXIMUM DEVIATIO
' ] ] 3
LOS ALAMITOS
MIRAMAR
MA AN/CPN-4 132.0 202 183 163 196 9.0
ASR-5
OAKLAND MOUNTAIN VIEW
ASR_.7 ASR-5 36.1 180 151 142 175 8.0
1
ALAMEDA MOUNTAIN VIEW
AN/MPN-11 ASR-5 7.6 185 185 160 203 11.0
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breezes, storms, and frontal passages.

Two thirds of the path from the Miramar ASR-5 to Los
Alamitos AN/CPN-4 radar transverses the coastal region of the
Pacific 'Ocean. The van dish was used to measure propagation
loss over this path because it was the only RSMS antenna that
could provide the required system sensitivity. The propagation
loss was measured from 1015 to 1415 hundred hours on January
21, 1975, and from 1900 to 2100 on January 23, 1975. Two
one-hour segments of the 6-hour period of measurements is
shown in Figures D-10 and D~11l. The data in Figure D-10 was
measured at 1116 hours and the data in Figure D-11 at 1954
hours. The ducting appeared to be more extreme in the morning
hours than in the evening. Other researchers have noted large
diurnal variations due to land-sea breeze circulation. 1In
the Los Angeles area, Neiburger (Reference 56) noted that the
inversion layer undergoes significant changes in elevation,
with a maximum about 0800 hours and a minimum in the evening.,
Edlinger (Reference 57) also reported rapid changes in the
marine layer with time of day.

The two ducting paths in the San Francisco area transverse
the San Francisco Bay, perpendicular to the San Mateo Bridge,
Dumbarten Bridge, and numerous power lines. The RSMS van omni
antenna' was used to measure propagation loss because it approx-
imates the radars cosencant-squared elevation antenna pattern
closer than the dish. The loss between Oakland and Mountain
View was measured from 2300 hours on November 13 to 0600 hours
on November 14, and between Alameda and Mountain View inter-
mittently on November 13 and 14. A one-hour segment of each
path's measurements, in which the most extreme ducting occur-
red, is shown in Figqures D-12 and D-13. Since all three
radars have an elevation above mean sea level of less than 36
feet, the propagation paths are close to the surface of the
bay and results in low grazing angles. The grazing angle of
the path has a significant effect on the intensity of ducting
and radio holes. The degree that radio rays are bent by
atmospheric layers depend not only on the change in refrac-
tive index but also on the angle between the rays and the
horizontal stratified refractive index. Significant ducting
and radio holes generally occur only with elevation or
grazing angles less than 3 degrees. Reber (Reference 58)
observed that ray bending is reduced by about half when the
elevation angle is increased from 0 to 1.4 degrees. Rogers
(Reference 59) noted on a slant path that attenuation of the
signal is much less frequent as the elevation angle is
increased.
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COMPARISON OF PREDICTED AND MEASURED PROPAGATION LOSS

One of the objectives of the Los Angeles and San Fran-
cisco area investigation was to determine the error contri-
bution by the various models used to predict interference.

To accomplish this, point-to-point and area type propagation
model predictions were compared statistically with measured
propagation losses. The difference between predicted and
measured propagation loss over ducting paths were not included
in this statistical analysis.

Los Angeles Nonducting Paths .

The differences, LP~-LM, between predicted and measured
propagation loss for each Los Angeles area nonducting path
are shown in Table D-2. The propagation loss predicted for
the measurement receiving antenna height, instead of the
receiving site radar antenna height, were used to compute
LP-LM. The LP-LM values in Table D-2 were used to compute
the statistical comparison results indicated in Table D-5.
The mean of the differences between each model prediction
and the measured loss are presented. A minus sign indicates
that the propagation model's preédictions were less than the
measured losses.

The standard deviation of the difference between predicted
and measured about the mean difference is an indication of
how repeatable the absolute difference between the predicted
and measured losses were from path-to-path. The absolute
mean and standard deviation of the predicted about the
measured loss are indicators of the over-all disagreement
between predicted and measured losses regardless of sign. The
mean of the differences were less for the area than the point-
to-point prediction model; however, the standard deviation
of the difference about its mean, range, absolute mean, and
standard deviation between predicted measured loss were lower
for the point-to-point model.

San Francisco Nonducting Paths

The results of statistical comparisons between predicted
and measured propagation loss in the Los Angeles area and
information gained in a subsequent literature search were
used to make more accurate propagation loss predictions in
the San Francisco area. Since measured propagation loss over
Los Angeles paths were typically greater than predicted,
additional loss was added to the point-to-point model propaga-
tion loss predictions to take into account attenuation due to
man~made structures and foliage. This involved using a 24000:1
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TABLE D-5

COMPARISON OF PREDICTED AND MEASURED PROPAGATION LOSS OVER 14

LOS ANGELES AREA PATHS.

PROPAGATION POINT-TO~ AREA AREA
MODEL POINT PREDICTION, PREDICTION
PREDICTION RANDOM FAIR

STATISTICAL 50/50 ANTENNA ANTENNA

COMPARISON SITING SITING

CRITERIA 50/50 50/50

o
- P-I.M

mEaN X = RALECIM) (dB) -10 -3 -9
i ]
STANDARD = 2 1
DEV. ABOUT = [ I (LP-LM-X) ] /2 (dB) 11 15 16
MEAN, 0 g N-1

EXTREMES OF

DIFFERENCES BETWEEN (dB) =27 to 7 -23 to 25 - 34 to 21

PREDICTED AND MEASURED

ABSOLUTE

_ - dB

MEAN ) L; LM (aB) 12 13 15

STANDARD DEV. 5 (Lp-LM) 2 1/2

BETWEEN PRED. = -—(—_——)- 15 16 17

N-1 (dB)

| AND MEASURED

LP = PREDICTED PROPAGATION LOSS
LM = MEASURED PROPAGATION LOSS
N =

TOTAL NUMBER OF PROPAGATION PATHS




U.S. Geological Survey Map to identify the degree of building
congestion that propagation paths passed through, and matching
it to the environmental description indicated in Table D-7.
Table D-7 lists the measured propagation loss below free
space, reported by Turin (Reference 35), for various degrees
of building congestion in the San Francisco area. For paths
other than line-of-sight, the median propagation loss below
free space in Table D-7, that corresponded to the selected
environmental description, were added to the point-to-point
propagation loss prediction. For line-of-sight paths, the
loss selected from Table D-7 was simply added to free space
loss to predict propagation loss. There are two reasons why
it is believed adding attenuation to free space instead of
model predicted loss for line-of-sight paths gives more
accurate results:

(1) The paths used to compute the medium propagation
losses in Table D-7 would have been line-of-sight if
buildings were not present.

(2) The loss below free space predicted by the propaga-
tion point-to~point model for line-of~sight paths were
in part derived empirically from measurements in unpop-
ulated areas,

The corrected point-to-point model and uncorrected area
model propagation loss predictions are indicated for San
Francisco nonducting paths in Table D-3. The differences,
LP-1LM, between predicted and measured propagation loss
indicated in Table D-3 were used to compute the statistical
results shown in Table D-6. The mean and standard deviation
of the difference is 19 dB less for the corrected point-to-
point model than the area propagation model prediction. The
main reason for this difference is not because a 12 4B
building and attenuation factor was not added to the area
model prediction , but partly because 5 of the 6 San Francisco
paths were line-of-sight. The area model with random and fair
antenna siting specified predicts too high of a loss for line-
of-sight paths.

Comparison of Predictions Accuracies for Los Angeles and San
Francisco Paths

The results of comparing the point-to-point model propaga-
tion loss predictions with measurements for the Los Angeles
and San Francisco area paths are illustrated by the histo-
grams in Figure D-14 and D-15 respectively. The mean of the
difference between predicted and measured loss is only -3 dB
for the San Francisco point-to-point model predictions which
included added attenuation for man-made clutter. This is a 7 dB
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TABLE D=6

COMPARISON OF PREDICTED AND MEASURED PROPAGATION LOSS OVER 7

SAN FRANCISCO AREA PATHS.

PROPAGATION

CORRECTED

N-1 (dB)

AND MEASURED

ARTA AREA
MODEL POINT-TO- |PREDICTION, |PREDICTION
POINT RANDOM FATR
STATISTICAL PREDICTION |ANTENNA ANTENNA
COMPARISON 50/50 SITING SITING
CRITERIA 50/50 50/50
_ £ (LP-LM)
MEAN X = 2 () -3 28 23
STANDARD o 2771/2
DEV. ABOUT = [ L(LP-LM-X) ] 7 30 26
MEAN, o N- (dB)
EXTREMES OF
DIFFERENCES BETWEEN (dB) -12 to 6 -13 to 64 -13 to 55
PREDICTED AND MEASURED
ABSOLUTE -
MEAN = ZlLp-1M| (dB) 7 32 27
N
STANDARD DEV. tmy 27 1/2
BETWEEN PRED. = [ELLP—LM-’—] 8 43 36

LP = PREDICTED PROPAGATION LOSS
LM = MEASURED PROPAGATION LOSS
N = TOTAL NUMBER OF PROPAGATION PATHS
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better than the -10 dB mean computed for Los Angeles paths
point~to-point prediction that did not include additional
attenuation for man-made clutter. The standard deviation
of the difference about the mean is also 4 dB less for San
Francisco predictions.

Eighty-three percent of the San Francisco paths used in
this analysis were line-of-sight; however, only 41.6% of the
Los Angeles paths analyzed were line-of-sight. This fact
is not attributed to the improvement in prediction accuracy
for San Francisco paths, because the greatest differences between
predicted and measured loss for the Los Angeles paths analyzed
were line-of-sight. There is reason to believe that adding
attenuation to the point-to-point model loss to account for
foliage and man-made obstacles will also result in more
accurate predictions for diffraction and forward scatter
paths, if the geometry and location of the propagation ray
through the man-made clutter is considered.

Comparison of Predicted and Measured Propagation for Ducting
Paths

The results of the comparison between predicted and
measured propagation loss for Los Angeles and San Francisco
areas ducting paths are shown in Table D-4. The point-to-
point model propagation loss prediction does not take into
account ducting. Measured propagation loss from Miramar to
Los Alamitos and from Oakland to Mountain View is less than
predicted. However, the point-to-point propagation loss pre-
diction from Alameda to Mountain View equaled the median
value of the measured propagation loss over this forward
scatter path. It is not uncommon to encounter radio holes or
strong flading and signal enhancement during superrefraction
conditions. Bean (Reference 52) reported observing prolonged
fadeouts, often reaching 20 dB and lasting from one minute
to several hours, during periods of superrefraction. At the
same time, propagation losses less than normal were observed.
Barris and Capps (Reference 63) also noted that superrefrac-
tive layer on a path from San Nicolas Island to Luguna Peak
tended to produce large fades. In a series of measurements
at about 4 GHz, Ikegarmi (Reference 64) noted that, if the
transmitter is located in a duct, strong signal levels and
blind regions extend over receiver locations within and near

the duct.

FACTORS CONTRIBUTING TQO DIFFERENCES BETWEEN PREDICTED AND
MEASURED PROPAGATION LOSS

Differences between propagation loss predictions and
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measurements occurred in many cases because the propagation
model and terrain data base did not account for all environ-
mental factors that affect propagation loss. The following
is a discussion of suspected factors that caused the differ-
ences between predicted and measured propagation losses and
methods to account for these factors in propagation loss
predictions.

-

Man-made Clutter

Two Los Angeles area paths over which propagation loss
measurements were conducted, and man-made obstacles were sus=-
pected to have caused a definite increase in propagation loss,
included the Los Alamitos AN/CPN-4 to Long Beach ASR-5 path
and the Los Angeles ASR-4 to Los Angeles ASR-7 path. The
uncorrected point-to-point model propagation loss (130 dB)
from Los Alamitos to Long Beach was 27 dB less than measured
(157 dB) as shown in Table D-2. This path included two multi-
story buildings, a large number of l-story houses, supermarkets,
gas stations, and trees. The location of the two multistory
buildings are shown superimposed in the terrain profiles in
Figure D-16.

The Los Angeles ASR-4 to ASR-7 path includes the edge
of one 3-story building (PANAM terminal) and the center of
one four-story building. Because of the relative absence of
foliage and the fact that this is a short (2.4 KM) line-of-
sight path, the majority of the 5 dB difference between the
point—-to-point predicted value (119 dB) and the measured value
(124 dB) is attributed to the building factor.

Attenuation was added to the point-to-point model loss
predictions for San Francisco paths to account for increased
attenuation due to man-made obstacles. The amount of attenua-
tion added was based on the degree of man-made obstacle conges-
tion anticipated for each path. However, 12 dB greater atten-
uation occurred over the Oakland ASR-7 to Alameda AN/MPN-11
path than anticipated. It is believed that the additional
attenuation was caused by 3 aircraft carriers which were
docked at the Alameda Naval Air Station, and blocked the
otherwise line-of-sight path.

Since the most accurate propagation loss predictions are
made by models that use the topographical data file, one
might be tempted to include man-made obstacles in the topo-
graphical file. There are three reasons why this may not be
practical either on a case-by-case basis or in general.
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(1} The propagation model interprets obstacles in the
topographical file as being completely absorbing. All
buildings do not have infinite attenuation and are not com-
pletely absorbing.

(2) The task of determining  the buildihg profile through
urban and suburban areas would be very time consuming and
would require constant updating.

(3) The propagation loss through urban and suburban
areas is caused not only by attenuation through the buildings
but by the many multipaths caused by signal reflection and
diffraction from the buildings. The current propagation
prediction models that use the topographical file only con-
sider terrain profile in the vertical plane between two points
and consequently would not consider multipath effects due to
building reflections and diffractions.

It is believed that the most practical approach is to
employ empirical results in selecting a man-made obstacle
attenuation factor for addition to the propagation model loss
prediction. The result of the propagation loss measured by
other investigators for various degrees of built-up area will
be summarized. The results are statistical at best; however,
there is some consistency among investigators in characteriz-
ing the propagation loss in these complex environments.
Propagation loss test results reported by some investigators
are not applicable because they included both terrain irregu-
larities and man-made environmental clutter into the measure-
ments. Because the point-to-point model takes into account
terrain irregularities, only the results of those measure-
ments that were performed on flat terrain or over line-of-
sight paths will be presented.

Okumura (Reference 33) has reported results of extensive
propagation tests in land mobile service bands including 1920
MHz. The tests were conducted in and around Tokyo and included
various situations of environmental clutter. The man-made
clutter environments were classified into the following three
groups according to the degree of congestion:

(a) Open Area - open space'whefe there are no obstacles
in the propagation path.

(b) Suburban Area - village or highway scattered with
trees and houses but not very congested.

(c) Urban Area - built-up city or large town crowded
with large buildings and two-or-more storied houses,
or in a larger village closely interspersed with
houses and thickly grown trees.
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The correction factor curves presented by Okumura
indicate that a suburban and urban area have 19 4B and 33 dB,
respectively, greater loss than an open area at 2800 MHz.
For locations midway between suburban and open areas, 5 dB
greater 'loss than the open area results. The propagation
loss differences between the area classifications defined
above were found to be independent of base station antenna
height and distance between the transmitter and receiver.
Okumura found the location variability (standard deviation)
of loss was 12 dB for suburban areas and 11 dB for urban
areas 2800 MHz., The variability of loss is greater for
suburban areas because the man-made clutter is less homo-
geneous 'in a suburban than an urban area.

Propagation loss measurement for various degrees of
building congestion in the San Francisco area were reported
by Turin (Reference 35). The environmental description,
geometry of the test set-up, and measured median loss below
free space with standard deviation, are indicated in Table
D-7. These measurements were made to support development
of a statistical urban propagation model for evaluating
mobile radio location performance. The paths described would
have been line-of-sight if man-made obstacles were not present.
Therefore, the propagation losses below free space, shown in
Table D-7, can be attributed mostly to the building factor.
The measurement results shown in the table were made at 1280
MHz but are reported to be very close to values obtained at

2920 MHz.

The geometry of base station antenna height (30-1000
meters) 'and the mobile antenna height (0-10 meters) used in
Okumura's and Turin's measurements are similar to the height
relationship between a height finding radar, usually located
on a hill, and a GCA or ASR radar, usually located in a
valley. It is also similar to the geometry of one end of a
knife edge diffraction or forward scatter path.

The relation to the vertical angle of arrival (that is,
the elevation angle that the base station antenna forms
with thé mobile station) does not appear to be critical to
attenuation for angles less than 1 degree, which correspond
to the geometry o6f most radar-to-radar paths. However,
measurement in Italy (Reference 71) and Tokyo by Okumura,
indicate as much as 25 dB change can result for elevation
changes: from 1 to 4 degrees. The height gain varies consid-
erably from open to suburban and urban areas, depending on
the agerage height of surrounding houses and buildings.
Since an antenna height gain factor is taken into account
by the point-to-point model for terrain in the absence of
man-made clutter, the question arises as to what antenna
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TABLE D-7

PROPAGATION LOSS BELOW FREE SPACE DUE TO
VARIOUS URBAN ENVIRONMENTS

street level
p average of Log Normal distribution

(2)

LOSS
ENVIRONMENTAL DESCRIPTION BELOW
FREE
SPACE (dB)
WORST CASE ~ MODERN METROPOLIS
Transmitter on 120 foot high roof, reception o=
area 1 mile away and consisting of densely 51 dB
packed skyscrapers (up to about 50 stories
high). o = 8 dB
DOWNTOWN DISTRIBUTION OF MEDIUM SIZED CITY
Transmitter on roof of building located on 1300 o=
foot hill, reception area 5.5 miles away and con-{ 18 dB
sisting of clustered sky scrapers up to 40 o =
stories, interspersed with 2-3 story metal frame |8 dB
buildings
DOWNTOWN AREA QF SMALL-TO-MEDIAN SIZED TOWN
Transmitter located on roof of building located U =
on roof of building located on 1300 foot hill, 12 4B
reception area 1.5 miles away and consisting
of a few 10-20 story buildings, many 2-5 story o =
metal frame buildings, and some small 1-2 7 dB
story wood frame buildings
ENVIRONMENTAL DESCRIPTION PRIVATE-RTSIDEMNCE
SUBURBS OF MOST TOWNS AND CITIES
Transmitter on roof of building located on U=
1300 foot hill, reception area 1-1.5 miles 12 4B
away consisting of 1-2 story wood=-frame g =
housed, trees, supermarkets, etc. 5 dB
i .
NOTE: (1) The receiver for above measurement was located at

(3) o standard deviation of Log Normal distribution
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height gain should be employed. Okumura presents measured
based station and mobile antenna height gain curves for
distances between transmitter and receiver ranging from

30 to 1000 meters. These measurements were conducted over
smooth terrain. It is proposed that the difference between
the height gain measured by Okumura and the point-to-point
model helght gain for the same type of path be used to
represent the additional height gain due to man-made clutter.
This difflerence would then be added to the point-to-point
model height gain.

The results of measurements by Turin were employed in
the San Francisco area propagation loss predictions with a
fair amount of success. It resulted in a 7 dB improvement
over the‘Los Angeles prediction. The average difference
between predicted and measured loss for San Francisco was
only -3 dB.

'
[

Foliage

The propagation loss measurements in man-made clutter
environments, referenced in the preceding section, included
sparse foliage. This section references attenuation measure-
ments caused by dense homogenious foliage in the absence of
man-made clutter, that results in blockage to otherwise line-
of-sight paths. The measured propagation loss on the Long
Beach end of the Los Alamitos to Long Beach path was affected
by the grove of trees surrounding the Long Beach radar antenna.
The trees and buildings surrounding Long Beach are suspected
to have caused the 19 dB difference (Table D-2) between
propagatlon loss measured with the RSMS cavity-back spiral
and parobollc dish antenna, on the Long Beach end of the path.
In summary, it was deduced that the trees and buildings
caused an 11 dB (see Figure D-2) difference in antenna height
gain between the dish height (14 feet) and highest height (25
feet) of the cavity antenna. However, the antenna height
gain difference predicted by the point-to-point propagation
model for these two antenna heights was insignificant. The
remaining 8 dB difference was found by comparing the measured
propagation loss of the cavity and dish antenna at the same
height of 14 feet, which was well below tree-top level
(Figure D-3). The 8 dB difference was attributed to the
difference in weighting of the diffused signal energy through
the trees by the different beamwidths associated with the
cavity and dish antennas. The diffused signal energy, often
called leakage field, as reported by Head (Reference 36),
occurs when the receiving antenna is within 100 feet or less
of the trees. Head reported that the receiving antenna did
not exhibit any clear maximum and minimum response as the
antenna was rotated. In many instances, it was not possible
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to identify the direction toward the transmitter from the
orientation of the receiving antenna. The measurement by
Head was performed with horizontal polarization, the same
linear polarization as Los Alamitos transmits, and at a
frequency of 488 MHz. There is no reason to believe

the direction of the signal energy under these conditions
would be any less diffused at 2800 MHz.

Precise propagation loss prediction due to trees are
difficult because of variations in tree type, heights, shape,
and distribution. In addition, foliage density which changes
with seasons of the year also affect attenuation. However,
some success has been obtained by hypothesizing the trees
as diffracting objects with an effective height. An experi-
mental study of propagation behind a grove of live-Jak and
Hackberry trees for several frequencies, including 2950 MHz,
was reported by La Grone (Reference 37). Receiver antenna
height-gain measurements were made at several distances
behind the grove of trees for horizontal polarized waves.

The results were compared with theoretical curves for pro-
pagation over a smooth spherical earth and diffractions over

a single knife edge. At frequencies of 2950 MHz and distances
between the receiving antenna and the trees, greater than

five times the tree height, and antenna heights from 15 to

20 feet, the measurement agreed to within 4 dB of single

knife edge diffraction theory. For receiver antenna heights
from 20 to 60 feet, the measurements agree with theory to with-
in 2 dB. The measured data matched the theoretical curve

for single knife edge diffraction closer than smooth earth
diffraction curves.

In another experimental study by La Grone (Reference 38),
measurements at two locations were performed at 2000 MHz and
vertical polarization for very low angles over wooded areas.
The elevation angle of the transmitter from a fixed receiving
antenna location was varied. The measurement location
involved different degrees of shadowing because of the trans-
mitting and receiving antenna geometry relative to the trees.
At one site, the propagation path was almost parallel to the
tree tops and at the other site, paths at angles greater than
20 degrees in respect to tree tops. For example, a path from
the receiver to the transmitter, one degree below the line-
of-sight, passed through approximately one thousand feet of
oak and ceder trees while a similar path at the other site
passed through only 87 feet of pine forest. The measured
propagation loss as a function of elevation angle agreed to
within 4 dB of a theoretical knife edge diffraction curve
for the site in which the propagation path was not near
parallel to tree-top level. However, the measured loss for
the site with propagation paths, nearly parallel to tree-top



level, followed the smooth earth diffraction curve to within
6 dB and differed from the single knife edge diffraction
curve by as much as 12 dB.

La Grone, in Reference 37, reported disagreement between
signal attenuation measured and predlcted by diffraction
theory, for distances between the receiving antenna and forest
edge of less than 5 times the tree height. Similar results
have been reported by other researchers. Head (Reference 35)
reported that attenuation due to the trees was substantially
less than predicted by smooth sphere diffraction when the
receiving antenna was very close (within 100 feet or less)
to the obstructing mass of trees. Head measured field
strengths at 483 MHz and horizontal polarization for cases
in which the receiving antenna was within 10 feet of the
nearest ledge of the woods. The signal in this region is
sometimes referred to as leakage fields. An examination
of eight observations by Head in this field region, at receiv-
ing antenna distances ranging from 12.0 to 22.5 miles from
the transmitter, indicated that the average signal level below
the calculated smooth earth field to be more or less indepen-
dent of distance. For these eight points, the average
depression of the field below the smooth-earth field was
approximately 30 dB with a standard deviation of 3.3 dB. Head
presents a simple model in Reference 35 that hypothesizes a
continuous relationship between the leakage and smooth earth
diffraction fields, as a function of distance along a profile
consisting of trees and clearings. Head also presents curves
for both lowest and highest attenuation, corresponding to
favorable and unfavorable sequence of woods and clearings,
as a function of percent forest cover. It should be pointed
out that Head's model was developed for television field
strength predictions in which the transmitter was located
620 feet high. The measured leakage field under these con-
ditions arrive at the receiving antenna principally through
the tops of the woods and does not typify every radar-to-
radar interference path involving foliage.

The measured data reported by Saxton and Lane (Reference
39) indicated a signal attenuation of about 0.4 dB/meter at
2800 MHz when both transmitting and receiving antenna are well
below trees in full leaf.

Propagation loss due to foliage changes seasonally in
most areas. Mobile communication signal measurements by
Reudink and Wasowietz (Reference 40) were performed on the
same streets in summer and winter in suburban Holmdel, New
Jersey. The average signal strength in the summer, when the
trees were in full leaf, was about 10 dB and 15 dB lower than
the corresponding location in winter for frequencies of
836 MHz and 11.2 GHz respectively.
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In summary, determining foliage propagation loss would
require on-site observation of the geometry of the receiving
antenna, relative to surrounding trees. The most suitable
propagation foliage loss models; single knife edge diffraction,
smooth earth diffraction, or signal loss as a function of tree
depth, would then be chosen to predict the increase in propa-
gation loss due to foliage. This value would then be added
to the point-to-point model loss prediction.

Mountain Multipath

The RAPIT point-to-point propagation models consider
only the terrain profile in the vertical plane defined by the
great circle path between the transmitter and receiver.
However, other propagation paths due to reflection and diffrac-
tion through mountainous or hilly terrain can sometimes result
in the same or less loss.

The reason that the propagation loss for the Norton to
Los Alamitos, March to Los Alamitos, and San Pedro to Burbank
paths was less than predicted, is attributed to lower loss
paths not considered by the propagation model.

The measured propagation loss (Table D-2) from Norton
to Los Alamitos was 6 dB less than predicted by the point-to-
point model. The measurement of the Norton antenna pattern
at Los Alamitos using the AN/CPN-4 as the receiving antenna,
(figure 28A in Appendix A) indicates a broadening of the
radar antenna beamwidth. The broadened beamwidth indicates
the presence of a number of multipaths in a 10 degree region
around Norton's bearing, caused by diffraction and reflection
in the Chino Hills located between the two radar sites.

The fact that March was erroneously predicted as not
being an interferer to Los Alamitos (INR = -17.6 dB) is also
attributed to the lower than predicted propagation loss and
interferer antenna beam spreading, caused by miltipathing
through the Chino Hills.

A large percentage of the interference traces observed
on the Burbank ASR-6 PPI display, due toc the San Pedro AN/FPS-90
radar, occurred in the 270 to 90 degree sector of the display.
The fact that this sector corresponds to the San Gabriel
Mountain on the far side of Burbahk from San Pedro, and that
San Pedro's bearing is 1659, indicated a high probability
that the interference was arriving by mountain reflections.
The terrain profile for the point-to-point path is shown
extended beyond the Burbank site in Figure D-17 to indicate

the San Gabriel mountain on the far side of Burbank from San
Pedro.
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To evaluate the relative level between the mountain re-
flected and direct signal, the RSMS van dish antenna was
rotated at the Burbank radar antenna site. Because of the
nonperiodic antenna scan of the AN/FPS-90 height finding
radar antenna at San Pedro, the L-Band ARSR, located at the
same site, was used as a signal source for this measurement.
The van dish antenna has an 18 degree beamwidth, 22 dB side-
lobe level, and a front-to-back ratio of 24 dB at the ARSR
frequency (near 1300 MHz). The measured signal level as a
function of bearing from Burbank is shown in Figure D-18.

This level represents the envelope of the signal peaks recei-
ved for three complete scans of the RSMS van dish. The com-
bination of the three 360 degree van dish scans at 1.0 degree/
second and the ARSR rotation rate of 5 RPM resulted in envelope
points about every 4.0 degrees of bearing. The signal level,
indicated in Figure D-18, from the mountain reflection bearings
is only 6 dB less than the signal level received at San

Pedro's bearing. It should also be noted that the signal

level in the 40 degree region around San Pedro's bearing is
within 8 dB of the peak received signal, indicating possible
additional multipathing near the direct path. The multipath
environment that the Burbank radar antenna sees may be slightly
different than that measured with the RSMS van dish. The
Burbank radar antenna is 46 feet higher than the van dish and
was located about 0.2 miles from the RSMS van measurement
location. This may be the reason that the interference
occurred more often from the mountain region than the direct
path bearing, which contradicts the fact that the measured
miltipath signal level at the van location (Figure D-18)

was 6 dB less than the direct signal.

Multipathing due to reflection from the San Gabriel
mountains also took place between Burbank and Long Beach and
is described in detail in Appendix A.

The following discussion suggests possible ways in which
the mountain multipath may be taken into account to more
accurately predict propagation loss. Mountain multipath can
be categorized into two types:

a. Isolated multipath - multipath signals caused
primarily by mountain reflections that arrive from
vastly different directions from the direct path.

b. Direct multipath - multipaths that occur at
azimuths around the direct path bearings caused primarily
by mountain or hill diffraction.

In addition to stretching pulse width, the isolated type

multipath can cause additional interference pulses when the
difference in distance between the direct and reflected path
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exceeds the distance (0.3 km) that a signal can travel in one
pulse width. A first step for determining the propagation
loss associated with strong isolated multipaths outside of

the direct path region (mountain reflection type observed

at Burbank) would be to first identify the common reflection
region between the two radars. This would involve examining
the terrain profile and topography in the general area between
and around the two sites. Those mountains or hills would be
considered that are illuminated by the most direct energy

from the transmitter and whose orientation results is near
equal angles of incidence and reflected energy from the
transmitter to the receiver. Those mountain surfaces which
satisfy these conditions and are also in line-of-sight with
the receiver location would be used to hypothetically define

a multipath between transmitter and receiver. The point-to-
point model would then be used to determine the magnitude of
incidence energy on various points of the reflection region.
If the reflection region is in line-of-sight with the trans-
mitter and extends beyond the transmitter antenna beamwidth,
the transmitting antenna pattern effect on the distribution

of the incident energy would also be taken into account. The
rigorous determination of the reflection from a rough surface
is a difficult problem; however, there is a good deal of
measured data available on the subject. Measurements have
shown that the reflection coefficient of rough terrain is in
the range of 0.2 to 0.4 (Reference 41 and 42). The difference
between the incident and reflection energy is an additional
loss that would be included in the total path loss prediction.
The next step would be to apply the point-to-point model a
second time from the reflection region to the receiving antenna.
The final step, if the reflection region is in line-of-sight
with the receiving antenna and subtends an angle greater

than its beamwidth, would be to consider the weighting of
reflection region energy distribution by the receiving antenna
pattern. In summary, the three losses, model loss prediction
from transmitter to reflection region, loss due to diffuse
reflection, model loss prediction from reflection region to
receiver, and antenna pattern weighting loss would be added

to obtain the total propagation loss for the multipath.

The second type of multipath arrives at azimuths close
to the direct path bearing, and can cause beam spreading of
the interferer radar antenna pattern that the victim radar
sees. To determine terrain situations in which this can
occur, the following technique is proposed. The first step
would be to detect multipaths in the region around the direct
path that could possible result in lower or about the same
loss as the direct path. This would involve examining
terrain profiles in planes perpendicular and near perpendic-
ular to the direct path. Once the potential low loss multi-
path is identified, its associated terrain profile in the
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non-vertical plane, defined by the receiver point, transmitter
point, and common off-set horizon point between the two
sites, would be used in the point-to-point model to predict
the propagation loss of the multipath. Other possible low
loss paths and their non-vertical terrain profile parameters
would also be identified and used in the point-to-point model
to predict their loss. Figure D-19 indicates these oblique
(non-vertical) terrain profile planes associated with multi-
path over a mountain ridge. The predicted low of the multi-
path and special weighting of the transmitter and receiver
antenna patterns would then be used to predict the degree of
beam spreading.

Ducting

The measured propagation loss for the Miramar to Los
Alamitos ocean path and the Oakland to Mountain View bay path
were as much as 39 dB below the predicted loss. The large
difference between measured and predicted propagation loss
occurred. because the propagation model did not account for
the superrefractlon conditions that 'can occur for paths over
water.

Evaporation of moisture from water creates a refractive
index gradient at low heights that can refract microwave
energy downward to create a "guiding" effect or duct. Propa-
gation of electromagnetic waves in such a duct can vary from
a near lossless situation, to signal enhancement, depending
on the frequency and intensity of the evaporation duct. The
intensity of the evaporation duct is most often described in
terms of "duct height" which is defined as the height in
which the modified refractivity is minimized.

The mechanism of propagation within a duct has been ex-
plained in terms of mode theory by several investigators
including Chang (Reference 65), Joseph and Smith (Reference 66),
Ring (Reference 67), Sodha (Reference 68), and others. Jeske
and Brocks (Reference 69) explain duct propagation in terms
of the mode theory of Booker and Walkinshaw. They found a
high correlation between measured field strengths and the
width of a surface evaporative duct at cm wavelengths. Joseph
and Smith solved the wave equation by mode theory to include
a number of trapped modes. Similarly, Chang, who explains
radio observations by "Whispering Gallery" modes, calculates
the received field for antennas above, within, and below the
duct. He concludes that when both antennas are above or
within the duct, the received field is 10 to 20 4B above free
space. When one or both terminals are below the duct, the
field is 10 to 25 dB below free space, even at distances up
to 1200 km. He carefully points out, however, that ray theory
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neglects the energy leakage through the layer, which may be
quite significant.

NELC (Naval Electronics Laboratory Center) has developed
a tropospheric waveguide computer program (Reference 43) to
solve the model equation for various duct height profiles at
3.3 GHz. The propagation loss as a function of transmitter
and receiver height and range can be calculated using this
program. Measurements of meteorological parameters over
a five-year period, for all seasons and times of the day,
were made in the off-shore San Diego area. Calculations by
the program using this data base indicated that radar range
enhancement oceurs 30% of the time over ocean paths in the
San Diego area.

SUMMARY OF PROPAGATION LOSS MEASUREMENTS AND MODELING

It was evident that measured propagation loss is affected
by receiving antenna beamwidth due to spatially weighting of
incident multipath signals by the receiving antenna pattern,
and that! antenna height has more impact on measurement in
some environments than predicted by the propagation model.

In additlion, the displacement of the physical location of the
receiving antenna by several feet can result in large
variation in the received signal level. For these reasons
and in the interest of obtaining more accurate measurements,
it is recommended that future propagation loss measurements
be performed, if possible, using the radar antenna.

The point-to-point model can sometimes select the incor-
rect mode of propagation due to misinterpretation of the
terrain data file. However, overall the point-to-point model
provided more accurate predictions, over the 20 paths
analyzed, than the area model.

It’lS believed that the difference between the predicted
and measured propagation loss for Los Angeles paths occurred

because the propagation model did not consider the following
factors.

1.’ Increased attenuation due to man-made clutter

2. Increased attenuation due to foliage

3. Multipath due to mountains

4., Sporadic attenuation during supperrefractive conditions

It is recommended that the point-to-point propagation loss



prediction be amended on a case-by-case basis to take these
factors into account. The results of measurements by other
investigators on the increase in attenuation due to urban and
suburban environments presented in this appendix can be used

to arrive at a suitable correction factor for various degrees
of buulding congestion. The simple diffraction and attenua-
tion models discussed in this appendix, to account for attenua-
tion due to foliage, agree well with measurements and can also
be used as a correction factor to the point-to-point propaga-
tion model predictions.

The empirical result of loss measurements in man-made
clutter environments by Turin were incorporated in the San
Francisco loss predictions. The difference between the San
Francisco loss predictions and measurements on the average
was -3 dB, a 7 dB improvement over Los Angeles predictions.

A combination of contour map and terrain profile analysis
with repeated application of the point-to-point model is
proposed to identify mountain propagation paths with the same
or less loss than the direct path. Two techniques are pre-
sented in this appendix to help predict the temporal and
special effect of multipath on interference. The first tech-
nique can be employed to predict the type of mountain terrain
that can cause antenna beam spreading and to what degree.

The second technique may be useful for predicting the angle
of arrival and magnitude of multipath signal caused by moun-
tain reflections significantly displaced from the direct path
region.

The decrease in propagation loss due to ducting can be
predicted from well established models identified in this
appendix. Sufficient measured data is available for the
California area to predict how often and to what degree
ducting occurs.

The addition of correction factors to the point-to-point
propagation model will no doubt still result in prediction
errors. The subjectivity of choosing the most suitable
correction factor for a given environment and the fact that
some of these correction factors are based upon average values
of empirical measurements, indicates that discrepancies between
predicted and measured values will exist. However, the average
absolute propagation prediction error should approach 5 dB.
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APPENDIX E

DETAILED MEASUREMENTS

INTRODUCT]ON

Partrof the Los Angeles and San Francisco area measurement
program 1nvolved making detailed measurements at several radar
sites. These measurements were made using the RSMS van instru-
mentatlon*w1th the objective of determining what caused:

1. The absence of predicted interference,
2. The presence of unpredicted interference,

3. jhe interference having a different form on the PPI
scope than predicted.

These detdiled measurements involved measuring:
l. Interferer emission spectrum,
2. Interferer antenna pattern at victim radar site,
3. Hropagation loss between victim and interferer,
4. Victim radar antenna pattern.

A limited number of measurements were also made connecting the
RSMS 8580 receiver to the victim radar IF preamplifier output
with the victim radar transmitter turned off. This permitted
peak power measurements at the victim radar IF preampllfler
output, and positive identification of the interferer using
the AS-330 pulse train separator. The measured peak power
level at the IF preamplifier output was then converted to a

RF input level using a measured transfer function. A more ex-
panded discussion of the detailed measurement plan is given

in Append%x F.

The measured datz referenced in this Appendix is contained
in Pppendrces A through D. The following is a discussion of the
detailed measurements conducted in the Los Angeles and San
Fran01sco\areasf



LOS ALAMITOS AN/CPN-4 VICTIM RADAR MEASUREMENTS

The nominal characteristics of the Los Alamitos AN/CPN-4
radar are given in Table 4-2. Closed system measurements made
on the radar indicated that the nonsynchronous MDS INR was 6 dB
for the normal channel and 7 dB for the MTI channel with the
integrator off. A steady level of interference could be ob-
served at an INR of 10 dB for both the normal and MTI mode.

The receiver inherent noise level (Nj) is -102 dBm.

The RSMS van dish antenna was approximately the same height
as the AN/CPN-4 antenna height. Therefore, the measurements
made at this site using the RSMS van dish should be fairly
representative of what the AN/CPN-4 antenna received. Possible
objects causing reflections at the site are discussed in
Appendix D.

The predicted interferers for the Los Alamitos AN/CPN-4
radar were:

Interferer Viectim
Radar Freq. (MHz) Freq. (MHz) INR
San Pedrc BN/FPS-90 2835 2801 25.5
Long Beach ASR-5 2777 2801 26.2

San Pedro AN/FPS-90. Interference from the San Pedro height
finder was observed on the PPI scope of the AN/CPN-4 at Los
Alamitos. The interference observed on the PPI scope varied
from interference occurring in a 5° sector when the height
finder was not nodding in the direction of Los Alamitos to
interference approximately covering 3/4 of the PPI display when
the AN/FPS-90 radar was nodding in the direction of Los Alamitos.
Because of the random scanning of the AN/FPS-90 mainbeam, it
was very difficult to determine the propagation loss from the
height finder. However, the RSMS van was used to measure the
peak power level received at Los Alamitos from the height
finder for a period of several hours. Figure D-6 shows a
sample of the measured data taken using the RSMS van dish
which has a 20 dB gain. Figure D-6 shows a maximum received
peak power level of +4 dBm. It is not positively known that
this +4 dBm level occurred when the height finder was nodding
in the direction of Los Alamitos. However, these types of
measurements were made over a l2-hour period, and +4 dBm was
the maximum peak received power. Correcting the +4 dBm level
for the gain of the van dish gives a peak power level at the
AN/CPN-4 antenna of -16 dBm (P,). The INR at the AN/CPN-4 IF
cutput caused by the San Pedro AN/FPS-90 can then be determined
by:




It is shown in Appendix C that the FDR is emission spectrum
limited.  The measured emission spectrum of the San Pedro
AN/FPS-90' is shown in Figure B-19, and indicates an FDR of
approximately 45 dB at the operating frequency (2801 MHz) of
the Los Alamitos AN/CPN-4 radar. The predicted FDR was 53 dB
(Figure C-12). Using a mainbeam gain of +24 dBi (corrected for
antenna tilt angle, 7 dB) and receiver noise level (Nj) of

~102 dBm, the calculated INR using equation E-1 for coupling
from the San Pedro radar would be +65 dB. The calculated INR
of +65 dB' indicates why a majority of the PPI scope was covered
by interference from the height finder when the AN/FPS-90 was
nodding in the direction of Los Alamitos. When the height
finder was not nodding in the direction of I.os Alamitos, the
INR should be approximately 49 dB less (mainbeam~-to-median
backlobe ratio of height finder antenna) which would give

an INR of 16 dB and still cause interference on the PPI display.

INR measurements made using the 8580 receiver and tapping
off the AN/CPN-4 IF preamplifier. output, yielded measured INR's
between 15 dB and 48 dB which is in close agreement to the pre-
viously discussed INR range.

Predicted interference to the Los Alamitos AN/CPN-4 from
the San Pedro AN/FPS-90 for antenna coupling of the victim
mainbeam with the backlobe of the height finder, using the PPI
simulation model, is shown in Figure E-1l. The actual observed
interference agreed fairly well with the predicted interference
for antenna coupling of the victim mainbeam with the backlobe of
the height finder.

Long Beach ASR-5. Interference from the Long Beach ASR-5
was not observed on the Los Alamitos AN/CPN-4 PPI display. The
Long Beach ASR-5 emission spectrum was measured at Long Beach
to determine the FDR factor. The Long Beach ASR-5 emission
spectrum is shown in Figure B-13, and indicates an FDR factor
of 53 dB lat the Los Alamitos AN/CPN-4 operating frequency of

2801 MHz. The predicted FDR was 47 4B (Figure C-9). The
predicted propagation loss was 19 dB less than the measured
propagation loss (149 dB, Table D-2). The median backlobe

level of the Long Beach ASR-5 was measured to be -11.8 dBi

(Table A-1). Also a comparison of Figures A-6 (line-of-sight
antenna pattern) and Figure A-24 (Long Beach ASR-5 environmental
artenna pattern measured at Los Alamitos) shows that the backlobe
level of the Long Beach ASR-5 antenna radiation is attenuated

by the foreground clutter at the Long Beach radar site. This
additional attenuation of the Long Beach ASR-5 backlobe level
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was found to be approximately 5.6 dB and is discussed in
Appendix A. Taking into account the additional attenuation
of the Loﬁg Beach antenna radiation backlobe and using the
measured FDR (Long Beach emission spectrum), propagation loss
and Long Beach antenna backlobe level, the measured INR is
-0.7 dB using Equation 3-1 as compared to the predicted INR
of 26.2 dB. An INR of approximately -0.7 dB would not cause
interference on the AN/CPN-4 PPI display. Predicted inter-
ference to the Los Alamitos AN/CPN-4 from the Long Beach
ASR-5 is shown in Figure E-2 using the PPI simulation model.
There was actually no observed interference from Long Beach
on the PPI display of the Los Alamitos AN/CPN-4 radar.

Ontario ASR-5. Interference was observed on the Los
Alamitos AN/CPN-4 PPI display from the Ontario ASR-5. Inter-
ference from the Ontario ASR-5 radar was not predicted since
the predicted INR was -4.6 dB for antenna coupling of the
mainbeam of the victim to backlobe of the interferer. The
emission spectrum of the Ontario ASR~5 radar is shown in
Figure B-12. The figure shows that the predicted FDR should
be within a few dB of the actual FDR. The measured propaga-
tion loss was found to be 184 dB (Table D-2) as compared to
183 predicted. Therefore, some other factor other than error
in the predicted FDR and propagation loss had to contribute
to the oc¢urrence of interference from the Ontario ASR-5 radar
to the Los Alamitos AN/CPN-4 radar. Figures A-25 through A-27
show environmental antenna patterns of the Ontario ASR-5 radar
measured at Los Alamitos. The higher antenna sidelobe and
broadened beamwidth shown in these figures indicates the
presence of multipathing caused by diffraction and reflection
in the Chino Hills between the two radar sites. The broadened
beamwidth and higher sidelobe level of the Ontario antenna
pattern, las seen by the Los Alamitos radar, increased the
probability of equivalent mainbeam-to-mainbeam coupling.

INR measurements made using the 8580 receiver and tapping
off the AN/CPN-4 IF preamplifier output, yielded measured
INR's between 15 dB and 24 dB.

Norton AFB AN/MPN-13. Interference was observed on the
Los Alamitos radar from the Norton AFB AN/MPN-13 radar.
Interference from the Norton AFB AN/MPN-13 was not predicted
since the predicted INR was -8.9 dB. Since the Norton radar
is operating cochannel with the Los Alamitos AN/CPN-4 (Trans-
mitting frequency 2800 MHz, Figure B-11) the FDR rejection is
0 dB. The measured propagation loss was found to be 192°dB
(Table D-2) as compared to 198 dB predicted. Therefore, the
measured propagation loss was 6 dB less than predicted. How-
ever, the 6 dB less propagation loss does not account for the
occurrence of interference from the Norton AFB AN/MPN-13 radar.

E-5
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Figure A-28 indicates that multipath phenomena also caused

the occurrence of interference from the Norton radar. The
broadening of Norton's antenna beam as seen by Los Alamitos
(Figure A-28), and the 6 dB lower than predicted propagation
loss, caused by mcuntain diffraction and reflection in the
Chino Hills, resulted in interference from the Norton AN/MPN-13
radar which was not predicted.

March AFB AN/MPN-13. Interference from the March AFB
EN/MPN-13 was also observed on the Los Alamitos AN/CPN-4 radar.
The predicted INR from the March radar was -17.6 dB. The
March radar also operates on approximately the same fregquency
(Transmitter frequency 2800 MHz, Figure B-10) as the Norton
AN/MPN-13 radar and is also cochannel with the Los Alamitos
AN/CPN-4 radar. Propagation measurements from the March AFB
AN/MPN-13 could not be measured since the received power level
at the RSMS van 8580 receiver input was below the receiver
noise level. The RSMS van has approximately 25 dB less sensi-
tivity than the AN/CPN-4 radar due to a higher inherent noise
level and 11 dB less antenna gain. Interference from the
March AN/MPN-13 radar was identified by tapping off the
AN/CPN-4 IF preamplifier output and connecting it up to the
RSMS van. 8580 receiver. Interfering signals from the Norton
AFB AN/MPN-13 were identified by requesting the Norton radar
to operate in their stagger mode (3 x 365 = 1095), and the
March radar with stagger off (1095 PRF). The AS-330 pulse
train separator was then used to differentiate between the
two radars.

LONG BEACH ASR-5 VICTIM RADAR MEASUREMENTS

The nominal characteristics of the Long Beach ASR-5 radar
are given in Table 4-2. Closed system measurements made on
the radar indicated that the nonsynchronous MDS INR was 6 dB
for normal channel and 5 dB for the MTI channel with the inte-
grator off. With the integrator on, the MDS INR was 6 dB for
the MTI channel. An INR of 10 4B would cause a steady level
of interference on both the normal and MTI channels even with
the integrator on. The receiver inherent noise level (Nj) is
~106 dBm.

The ASR-5 radar site at Long Beach is a cluttered site,
and an 1dea1 location for the RSMS van was very difficult to
find. The ASR-5 radar at Long Beach has an antenna height of
26 feet. The RSMS van dish height is only 14 feet. The RSMS
van cavity back spiral antennas mounted on a tower have the
capability of reaching a height of 25 feet. However, the
cavity back spiral antennas are not directional antennas



and reflections of the ASR-5 antenna platform and reflector
could cause erroneous propagation loss measurements.

The predicted interferers for the Long Beach ASR-5 radar
operating on the high channel were:

Intexrferer Victim
Radar Freg. (MHZ) Freqg. (MHz) INR
San Fedro
AN/FPS-90 . 2835 2777 27.1
Burbank ASR-6 2788 2777 1..8
Los Alamitos
AN/CPN-4 2801 2777 50.7

€an Pedro AN/FPS-90. Interference from the San Pedro
AN/FPS-90 height finding radar was observed on the PPI scope
of the ASR-5 at Long Beach. The interference varied from
covering a 40° sector of the PPI when the height finder's
vertically nodding antenna was pointed in azimuth at Long
Beach, to a 3° sector when the antenna was not pointed at
Long Beach. Because of the random scanning of the AN/FPS-90
antenna, it was difficult to measure propagation loss between
San Pedro and Long Beach. However, the RSMS van with a 20 dB
gain dish was used to monitor the power level received at
Long Beach from the height finder over a period of several
hours. A one-hour sample of this measured data, shown in Figure
D- 5, indicates a maximum received peak power level of +4 dBm.
Since the 4 dBm level was also the maximum peak power measured
over a l2-hour period, it is likely that it occurred when the
San Pedro antenna was nodding at the Long Beach radar. Cor-
recting the +4 dBm level for the gain of the van dish gives
a peak power level at the ASR-5 antenna of -16 dBm (Pr). The
INR at the Long Beach ASR-5 IF output caused by the San Pedro
AN/FPS-90 can be determined by Equation E-1. It is shown in
Appendix C that the FDR is emission spectrum limited. The
measured emission spectrum of the San Pedro AN/FPS-90, as shown
in Figure B~19, indicates an FDR of approximately 51 4B at the
operating frequency (2777 MHz) of the Long Beach ASR-5 (the
predicted FDR was 61 dB, Figure C-13). Using Equation E-1 and
a mainbeam gain of +27 dBi (correcting for antenna tilt angle,
7 dB) and receiver noise level of -106 dBm, the calculated INR
for coupling from the San Pedro radar would be +66 dB indicates
why a majority of the PPI display was covered by interference
from the height finder when the AN/FPS-90 was nodding in the
direction of Long Beach. When the height finder was not nodding
in the direction of Long Beach, the INR should be approximately
49 dB less (mainbeam-to-median backlobe ratio of height finder




antenna)fwhich would give an INR of 17 4B, and still cause
interference on the PPI display.

INR measurements made using the 8580 receiver and
tapping off the ASR~-5 IF preamplifier output, yielded measured
INR's between +18 dB and +35 dB. During these detailed
measurements, the height finder did not nod at Long Beach.
Therefore, we did not measure an INR as high as +66 dB.
Predicted interference tc the Long Beach ASR-5 radar for
mainbeam of the victim coupling with the backlobe of the
height finder using the PPI simulation model is shown in
Figure E-3.

Burbank ASR-6. Interference was observed on the Long
Beach ASR-5 PPI display from the Burbank ASR-6 radar. The
interference from the Burbank radar appeared on the PPI dis-
play approximately 1 out of 5 scans, and covered approximately
a 3° sector at the bearing of the Burbank radar (320°). The
measured  propagation loss from Burbank to Long Beach was found
to be 191 dB (Table D-2), and the predicted propagation loss
was 181 @B. Eowever, the propagation loss measurements were
made with the RSMS van dish which was about 12 feet lower than
the ASR-5 antenna height. Because of foreground clutter,
measurements made with the dish may be a few dB low. Propa-
gation loss measurements from Burbank to Long Beach could not
be made with the cavity back spiral antenna to determine the
propagation loss as a function of antenna height because of
the inability to discriminate against the Long Beach ASR-5
emissions. The measured propagation loss from Long Beach to
Burbank was found to be 185 dB (Table D-2). This difference
in nonreciprocity is discussed in detail in Appendix D. An
estimate of the additional propagation loss due to the difference
in antenna height at Long Beach was 3 dB. Therefore, a good
estimate of the actual propagation loss from Burbank to Long
Beach would be 188 dB. An approximate FDR was taken from
Figure B-14, and found to be 27 dB. The average antenna back-
lobe level of the Burbank radar was found to be -11.9 dBi
(Table A-1). Using Equation 3-1 and the measured data, the
calculated INR would be -8.9 dB. One major factor contributing
to the big difference between measured and predicted INR levels
was the FDR factor. A frequency separation of 5 MHz (Long Beach
frequency 2780 MHz and Burbank frequency 2785 MHz) was used for
the INR prediction. Due to the fact that the ASR'S usually
do not operate at the edge of their 10 MHz band, the actual
frequency separation was 11 MHz (Long Beach frequency 2777 MHz
and Burbank frequency 2788 MHz). This made a difference in the
emission spectrum level of approximately 10 dB because of the
sharp fall-off of the emission spectrum for small AF. Measure-
ments indicate that the INR for mainbeam-to-backlobe coupling
was -8.9 dB which indicated that interference from the




PULSE WIDTH ( VICTIM) =0.83us

PRF ( VICTIM) =830.00¢ps
PULSE WIDTH(UINTERFERER =2 .00us
PRF ( INTERFERER)=370.00¢es

VIC. ANT. SWEEP RATE =13 .00ken

INT. ANT. SWEEP RATE =0 .00kgen

WITH INITIAL REL. RZIMUTH =289ces
INT. BEARING =2300es

MUTUAL ANT. GAIN THRESHOGLD =-0.900s

0

0.00 12.00  24.00 _ 98.00 4500  6D.00
RANGE IN NAUTICAL MILES
Fioure -3, dimulated PPI Disglay of Long Beach ASR-5 with

San Pedro AN/FPS5-90 Interference

E-10



Burbank ASR-6 should not appear on the PPI display at Long
Beach. However, interference from the Burbank ASR-6 was
observed approx1mately 1 out of 5 scans. An explanation of
the p0551ble cause of the interference is given in Appendlx A.
Figure A-32 shows that a multipath phenomena was occurring due
to a mountain range between the two radars and a high mountain
range in back of the Burbank ASR-6 radar. INR measurements .
made using the 8580 receiver and tapping off the ASR-5 IF
preamplifier output, yielded measured INR's between +26 dB

and +35 dB. This indicates that the interference was occurring
when interfering signal levels were received due to the multi-
path phenomena. Figure E-4 shows the form of the predicted
interference using the PPI simulation program. .

Los Alamitos AN/CPN-4. Interference was observed on the
Long Beach ASR-5 PPI display from the Los Alamitos AN/CPN-4
radar. The interference from the Los Alamitos radar was very
infrequent and only appeared at the bearing of the Los
Alamitos radar (97°). Since the FDR is emission spectrum
limited, the FDR can be determined from Figure B-6. The FDR
(emission spectrum level at 2777 MHz) is approximately 38 dB.
The average backlobe level of the Los Alamitos antenna was
found to be -8.4 dB (Table A-l). The measured propagation
loss from Los Alamitos to Long Beach was 157 dB (Table D-2)
using the van cavity back spiral antennas at a height of 25
feet (approximate height of Long Beach ASR-5 antenna). When
the van dish was used at a height of 14 feet, the measured
propagation loss was 176 dB. Using the cavity back spiral
antennas and raising the tower from 14 feet to 25 feet, the
propagation loss decreased by 11 dB. The Long Beach ASR-5 radar
site was a cluttered site which caused the signal energy from
the Los Alamitos radar to be scattered. This was evident from
the smeared appearance of the interference on the Long Beach
ASR-5 PPI display. Because of this signal scattering phenomena
and antenna beamdwith difference associated with the measure-
ment antennas and actual radar antenna, it is very difficult
to actually determine what the propagation loss was between
the two radars without using the radar antenna to measure
the propagation loss. The subject of propagation loss be-
tween these two antennas is discussed in more detail in
Appendix Di. Another factor which may have contributed to the
absence of the frequency of predicted interference from the
Los Alamitos radar was additional attenuation of the Los Alamitos
antenna backlobe radiation due to foreground clutter. Also,
the Los Alamitos AN/CPN-4 radar had been realigned between the
time the emission spectrum was measured and the time the measure-
ments were made at Long Beach. The actual operating frequency of
the Los Alamitos AN/CPN-4 was changed from 2807 MHz to 2801 MHz.
This realilgnment could have also changed the emission spectrum
shape. Considering these factors, it is very difficult to assess
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actually why the form of interference from the AN/CPN-4 was

not the same as predicted without making additional measure-
ments. Figure E-5 shows the form of the predicted interference
using the PPI simulation program. As seen in Figure E-5, the
predicted interference was extremely pessimistic when compared
to the observed interference. It was concluded that buildings
and trees along the propagation path caused the interfering
signal to be diffused causing a significant increase in propa-
gation loss.

MOUNTAIN VIEW ASR-5 VICTIM RADAR MEASUREMENTS

The ASR-5 radar site at Mountain View is an uncluttered
site located at the southern tip of the San Francisco Bay.
The Mountain View radar site was chosen as a detailed measure-
ment site with the major objective of obtaining propagation
path loss data on ducting phenomena which occurs in the bay area.
Propagation path loss data was obtained for predicted interfering
radars, and also radars which were not predicted as potential
interferers.

The ASR-5 radar at Mountain View has an antenna height of
26 feet. Both the RSMS van dish (height 14 feet) and omni
antenna (height 30 feet) were used to measure the power received
from the other radars in the bay area. Emission spectra of the
predicted interferers were also measured.

The nominal characteristics of the Mountain View ASR-5
radar are given in Table 5-2. The predicted interferers for
the Mountain View ASR-5 radar were:

Interference Victim

Radar Freq. (MHz) Freqg. (MHz) INR (dB)
Almaden

AN/FPS~90 2778 2758 32
Almaden

AN/MPS~14 2793 2758 22
Mt. Tamalpais

AN/FPS~-90 2737 2754 23
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Almaden AN/FPS-90. Interference from the Almaden AN/FPS-90
radar was observed on both channels of the Mountain View ASR-5
radar. The interference from the Almaden AN/FPS-90 radar covered
3° to 40° 'sectors of the victim radar PPI scope. For approxi-
mately twenty minutes, the Mountain View ASR-5 transmitter was
turned off, and the pulse train separator (AS-330) was used to
identify the PRF of signals processed by the radar receiver.
The pulse train separator locked on to the PRF (275) of the
Almaden radar. Due to the ability to coordinate with the ADC
personnel iat Almaden, propagation path loss measurements from
the height finding radar were made by having the height finding
radar nod in the direction of Mountain View for a one-half hour
period. The measured propagation path loss from Almaden to
Mountain View was found to be 141 dB (Table D-3) which was
only two dB off from the predicted propagation loss of 143 dB.
Using the measured emission spectrum to determine the FDR
factor, Figure B~17 shows the emission spectrum to be down
36 dAB from the fundamental frequency at 2758 MHz. The pre-
dicted FDR was 37 dB (Figure C-13). The backlobe antenna gain
of the Almaden AN/FPS-90 radar could not be measured. Using a
nominal antenna backlobe gain of =13 dBi for the Almaden radar,
the measured propagation loss and FDR, and the nominal charac-
teristics of the Mountain View ASR-5, the calculated INR is
35 dB using Equation 3-1. The actual predicted INR was 32 dB.

Predicted interference, using the PPI Simulation model, to
the Mountain View ASR-5 from the Almaden AN/FPS-90 is shown in
Figure 5-6. The actual observed interference varied from a 3°
to 40° wedge of interference on the victim PPI display. Several
runs of the PPI Simulation model need to be made to simulate
this dynamic nature of the interference on the victim PPI display.

Almaden AN/MPS-14. ADC personnel at Almaden alternate the
operation of the AN/MPS-14 and AN/FPS-90 on a monthly basis.
Because of this operating procedure verification of interference
from the Almaden AN/MPS-14 radar could not be made.

Mt. Tamalpais AN/FPS-90. Interference from the Mt. Tamalpais
AN/FPS-90 radar was observed on both channels of the Mountain View
ASR-5 radar. Positive identification of the interference was
made using the pulse train separator when the victim radar
transmitter was turned off. The interference from the Mt.
Tamalpais AN/FPS-90 appeared on the victim PPI display about
one out of every four scans as interference wedges of 3° to 30°.
Propacation measurements from the Mt. Tamalpais radar were also
made by having the height finding radar nod in the direction of
Mountain View for a one-half hour period. As mentioned in
Appendix D, the path from Mt. Tamalpais to Mountain View is
across the San Francisco Bay. The measurements showed a 14 dB
variation in the measured propagation loss from Mt. Tamalpais




to Mcuntain View over the measurement period of one-half hour.
Due to the inability to coordinate several hours of propagation
measurements with ADC personnel, verification of the path as a
ducting path could not positively be made. The measured propa-
gation loss from Mt. Tamalpais varied from 155 4B to 169 4B
with an average gropagation path loss of 160 dB (Table D-3).
The predicted propagation path loss was 151 dB. Using the
measured emission spectrum to determine the FDR factor,

Figure B-18 shows the emission spectrum to be down 32 dB from
the fundamental frequency at 2754 MHz. The predicted FDR was
40 dB (Figure C-13). The backlobe antenna gain of the

Mt. Tamalpais AN/FPS-90 radar could not be measured. Using

a nominal antenna backlobe gain of =13 dBi for the Mt. Tamalpais
radar, the measured propagation loss and FDR, and the nominal
characteristics of the Mountain View ASR-5, the calculated

INR is 22 dB using Equation 3-1. The actual predicted INR

was 23 dB. Figure 5-6 shows the predicted form of the inter-
ference from the Mt. Tamalpais AN/FPS-%0 radar to the Mountain
View ASR-5.

TRAVIS AFB AN/FPN-55 VICTIM RADAR MEASUREMENTS

The AN/FPN-55 radar site at Travis AFB is an uncluttered
site, and the RSMS van was able to locate approximately 30 feet
from the radar antenna. The AN/FPN-55 radar at Travis AFB has
an antenna height of 26 feet. Only the RSMS van dish (height
14 feet) was used to make measurements at the Travis AFB radar
site. The directional discrimination of the RSMS van dish
was required to suppress the AN/FPN-55 signal since the
operating frequency of the victim radar and potential inter-
fering radar were only separated by 4 MHz. In order to obtain
enough suppression of the Travis AFB AN/FPN-55 radar signal,
both RF and video blanking were required. The RF blanking
was achieved by using a pin diode modulator and the AN/FPN-55
radar STC pretrigged to turn off the modulator during the
transmission of the AN/FPN-55 pulse. The video blanking was
achieved using the AS-330 pulse train separator. The radar
characteristics of the AN/FPN-55 are given in Table 5-2. The
predicted interferers for the Travis AFB AN/FPN-55 radar were:

Interferer Victim
Radar Freqg. (MHz) Freq. (MHz) INR (dB)
Mather AFB
AN/MPN-13 2797 2801 26



Mather AFB AN/MPN-13. Interference from the Mather AFB
AN/MPN-13' radar was not periodic as predicted, and actually
only appeared on the victim PPI display four times during a
20-minute period. Due to a tight time schedule during the
San Francisco area investigation, the emission spectrum and
antenna pattern of the Mather AFB AN/MPN-13 were not measured.
The measured propagation path loss from Mather AFB to Travis AFB
was found to be 173 dB (Table D-3). The predicted propagation
path loss was 179 dB. Measurements at Travis also showed that
there was a 4 MHz frequency separation in the operating fre-
quency of the two radars. Both the Travis AFB AN/FPN-55 radar
and the Mather AFB AN/MPN-13 radar are assigned to operate on
2800 MHz. Measurements of the Travis AFB radar receiver RF
frequency response were not made to determine if the maximum
signal response occurred at 2801 MHz. However, a 4 MHz fre-
quency separation could result in 17 dB of FDR (Figure C-10).
Another factor contributing to lighter interference than pre-
dicted was the antenna tilt angle of the victim radar.

Air Force radar personnel at Travis AFB said the tilt
angle of the AN/FPN-55 radar antenna was set at 4.25° rather
than the nominal 3.5° antenna tilt angle. The different
antenna tllt angle could also result in a 2 dB error in the
victim radar mainbeam gain (Figure A-2) used to calculate the
INR. It was also discovered that the AN/FPN-55 radar receiver
had an 8 dB noise figure. The initial INR calculation was
based on a 4 dB noise figure since the AN/FPN-55 radar re-
ceiver was reported to be identical to the ASR-5 radar.
Although measurements of the interferer emission spectrum and
antenna pattern were not made, the above factors could have
contributed in a 17 dB difference between the predicted and
actual INR resulting in lighter interference than predicted.
The predicted form of the Mather AFB AN/MPN-13 interference
on the Travis AFB AN/FPN-55 radar PPI display is shown in
Figure 5-11.



APPENDIX F

LOS ANGELES AND SAN FRANCISCO AREA MEASUREMENT PLAN

INTRODUCTION

This appendix discusses the measurement plan used in the
2.7 to 2.9 GHz Spectrum Resource Assessmnent of the lLos Angeles
and San Francisco areas. A description of the RSMS van measure-
ment system and application programs associated with the measure-
ment plan is given in Appendix G. The major objective of the
measurements was the validation of radar-to-radar interference
prediction techniques including the radar performance degrada-
tion model. This required on-site verification of predicted
interference situations, and the use of the RSMS van to deter-
mine the accuracy of the various input component models (i.e.,
propagation, emission spectrum,antenna pattern, and frequency-
dependent~rejection). Measurements results were also to be com-
pared with the radar performance degradation model.

MEASUREMENT PLAN

The 2.7-2.9 GHz test plan was divided into the following
three measurement areas:

A. Preliminary radar site visits where video tape record-
ings (VTR) and photographs of PPI display were taken.

B. Detailed open system measurements at 2 radar sites
which involves measuring emission spectrums, antenna
patterns and received power from potential interferers.
Tbe open system measurements also included video tape
recordings of the PPI display with the RF input power
level of the interfering signal being recorded on
the VTR.

C. Closed system measurements to determine the effect
'which various radar fixes (e.g., MTI, STC, integrator,
etc.) have on the processing of interfering signals
of various signal levels and PRF's. Video tape
‘recordings will be used to document this set of
experiments. These measurements were made on the
'radar spare channel during normal operation of
‘radar and air traffic control.



PRELIMINARY RADAR SITE VISITS

The purpose of these measurements was to verify pre-
dicted interference situations to the extent that the live
environment conditions and parameters used to predict the
interference exist. This set of measurements was shallow
in depth with the main objective to compare predicted inter-
ference with the live environment conditions for 12 victim
radar sites.

Preliminary observations of potential victim radars were
conducted with the victim radars in regular operational con-
figuration. The AS-330 Pulse Train Separator was used as an
aid in identifying the interfering radars. The AS-330 was
set up for three PRF's of potential interferer radars, using
a small audio oscillator and a pulse-forming circuit or a
normal pulse generator. The local radar was set for non-
stagger operation so that the de-stagger circuits would not
alter the sequence of the received interference pulses, and
the AS-330 was connected to one of the radar's video outputs.
Although the video channel contained mostly pulses with the
PRF of the local radar, the AS-330 sorted out the pulses
belonging to the interfering radars with the PRF's set up
previous to the measurements. The only output used from the
AS-330 was the indicator lights on the AS-330 front panel.
The AS-330 was positioned so that the video tape recordings
made of the interference also included the indicator lights
of the AS-330. Interferers were also identified by the
relative bearing to the victim radar when possible. Also,
the RSMS van WB scan program was used to verify the operational
frequencies of the victim radar and potential interferer radars
during these measurements. Without this capakility, positive
verification of proper operating frequency of the predicted
interferers would not have been possible.

DETAILED RADAR MEASUREMENTS

The purpose of these sets of measurements was to determine
why there was disagreement between predicted and observed
interference at the visited preliminary radar sites. The
rreliminary radar observations resulted in two radar sites
being selected for more detailed measurements. The following
set of measurements were made at the victim radar site using
the RSMS van, and involved:

a. Locating the RSMS van as close as possible to the
victim radar site.



b. Scanning the 2.7 to 2.9 GHz band to identify all
significant emitters, and verifying the operation
of all predicted interferers.

c. 'Measuring the power received from each predicted and
‘unpredicted interferer for a period of at least one
‘half hour to determine propagation path loss. The
right hand circular CBS was used when possible. 1If
‘the dish was required, approximate dish azimuth and
elevation angles were obtained from RAPIT (Propa-
gation Model) bearing and radio horizon elevation
data.

d. 'Measuring the interfer antenna patterns at victim
radar site.

e.  Measuring the victim radar antenna pattern.

Measurements made at the predicted and unpredicted
interferer sites using the RSMS van included:

a. 'Measuring the emission spectrum of the interferer
radar to levels of 60-80 dB down from the peak.

b. Measuring intexrferer antenna patterns.

Arrangements were also made during the detailed measure-
ment program to shut the victim radar transmitters down, so
that no pulses would be received from its own transmitter.
Thus isolated, the interfering radar pulses could be studied
more carefully. With this arrangement, all of the traces on
the PPI display were caused by interference. For this experi-
ment, the RSMS van was connected to the radar as shown in
Figure F-1. The RSMS van was tuned to 30 MHz and measured
the peak power delivered to the 8580 every second. The
operator in the RSMS van watched a TV monitor showing the
interference traces on the PPI display. Whenever a pulse of
interest shows up, the operator read the power measured by
the 8580 into the intercom to the radar PPI display, where
the audio was picked up by the video tape recording equipment.

In addition to measuring the peak input power, the 8580
generated a log video signal which was fed back to the radar
building for further analysis. The AS-330 pulse train sepa-
rator was driven from this signal to indicate the PRF of the
interfering signal, similar to the technique used in the
preliminary radar measurements. Thus, a peak power measure-
ment was tied to a given interferer. The peak power measured
by the 8580 was a measurement of the peak power at the input
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of the 8580, which was related to the peak power seen by the
radar receiver. This relationship was established by in-
jecting a calibration signal at the input of the radar re-
ceiver through a waveguide coupler of known loss characteristics
and measuring this signal with the 8580. This measurement was
made at different input amplitudes to obtain a transfer
characteristic for the radar receiver front end characteristics,
including noise and saturation.

CLOSED SYSTEM MEASUREMENTS

Closed system measurements were made on an analog radar
(ASR-4,5,6) and a digital radar (ASR-7). The measurements
were made on the space channel of the radar while the radar
and air traffic control was normally operating. The objec-
tive of these sets of measurements was to determine the syn-
chronous and nonsynchronous pulse PPI MDS level for several
operational modes of the radars, and what radar fixes need
to be modeled in order to accurately predict the pattern of
the interference as it appears on the PPI scope. Video tape
recordings of the PPI display and A-scope were made for the
various radar-operating modes during these measurements.

The result of these measurements will be given in a subse-
quent report. '



APPENDIX G

RSMS VAN MEASUREMENTS

INTRODUCTION

This appendix describes some of the RSMS measurement
procedures used during the Los Angeles and San Francisco area
radar-to-radar interference measurements. It is included
here to aid in interpreting the measured data. The appendix
includes ‘a compendium of the RSMS van measurement system and
application programs related to radar measurements. Additional
information may be found in the RSMS Operations Manual or by
contacting RSMS personnel in Boulder, Colorado.

RSMS VAN (SYSTEM DESCRIPTION

The |RSMS was used in many different modes during this
measurement program. Most of the measurements were made
with the 'HP 8580 receiver and 8500 computer systems connected
as shown . in Figure G-1. Two sets of RHCP receiving antennas
were used for these measurements -~ 4 fixed cavity-backed
spiral antennas on the tower and the dish antenna on the
roof of the van. These antennas can be connected to the
input of the RSMS, where signals are attenuated, if neces-
sary, by 'an RF attenuator, and then, filtered and amplified
by YIG-tuned preselectors and a preamplifier. The signal
is then further processed by a mixer, several IF's and log
detector. The output of the log detector is a DC-coupled
signal proportional to the logarithm of the envelope of the
input signal which is processed in several further ways.

For many of the measurements, a pulse blanking capability

is used to pass only the radar pulses belonging to the
desired radar. The peak amplitude of selected radar pulses
is held in a peak hold circuit, and digitized. Once digi-
tized, the peak amplitude information is processed by the
8580 computer which has several calibration algorithms, and
special software application programs. The specific appli-
cation program information may be displayed as part of a
graph, recorded on magnetic tape or cassette, or copied with
the Versatec plotter.

Antennas
Two sets of right-hand circular polarization antennas

were used in these measurements. A set of 4 cavity-backed
spiral antennas (CBS) on the tower were used more-or-less as
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omnidirectional antennas. These antennas have a 70-90°
beamwidth, 2 dB gain for a linearly polarized signal, and

gave relatively good coverage between the 4 of them which
were aimed 90° apart. A 36-inch diameter dish was also

used. This antenna could be pointed in different directions,
with an 8° beamwidth and a 20 dB gain for a linearly polarized
signal at 2800 MHz.

Noise Diodes and Calibration

Broadband noise diodes are used to calibrate the system
in terms!of absolute amplitude at various points in the
system. In general, the particular noise diode is used
which is closest to the measurement point of interest. When
the CBS antennas are used for measurements, the noise diode
in the tower associated with those antennas is used for
system calibration. This assures the maximum likelihood
that the:calibration procedure will account for all of the
various effects on signal gain which are seen by the signal
itself. 'By using the noise diode in the tower, for example,
one corrects for the approximately 4 dB of transmission line
and relay switching loss which attenuate the signal received
by the CBS antennas, as well as calibration errors within
the 8580. The diode at the front panel could also be used
as a reference point, but this diode would only correct for
calibration errors within the 8580. The 36-inch dish antenna
does not have a noise diode associated with it, which means
that it cannot be calibrated exactly. Instead, one can use
either the front panel noise diode or the CBS noise diode,
assuming that the CBS noise diode compensates for 4 dB line
loss and:the front panel noise diode compensates for 0 dB
line loss. The measured line loss to the dish is around
2 dB at 2800 MHz, so that either diode is about equally poor,
one giving answers 2 dB too high, the other giving answers
2 dB too low.

In addition to the noise diode calibration procedure,
there is'a 30 MHz system linearization procedure which tests
the system under different conditions and generates a cali-
bration curve for the log amplifier. The log amplifier
calibration curve is different, however, depending on
whether the peak-hold hardware is used (see below). If the
peak-hold hardware is used for the measurements, one gets
more linear system dynamic range if the system is calibrated
using the peak~hold hardware. Figure G-2 shows the system
dynamic range using peak—-hold for measurements and for
calibration. This shows that the linear dynamic range using
peak-hold calibration is about 50 dB, before the cumulated
error exceeds 3 dB.
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Pulse Blanking and AS-330 Pulse Train Separator

Since radar signals are very low duty, there is the
possibility of separating out only the signals of interest
by turning on the measurement system only during the instant
the signal of interest occurs. This process is accomplished
with the pulse-blanking equipment shown in Figure G-1. The
pulse-blanking card acts as a high-speed switch, connecting
the log detector to the peak hold only during the instant
when the desired radar pulses are present. The AS-330 pulse
train separator contains 3 independent PRF filter channels
that can be set up for up to 3 separate radars. These PRF
filters generate TTL-level switching signals whenever pulses
of the correspondlng PRF occur. These switching 51gnals
control the pulse- blanklng card in an additive mode or in a
subtractive mode. A series of switches controls which mode
is used; the modes may be mixed. The switches on the pulse-
blanking card are each associated with a single PRF filter.
When the switch is in the additive position, the pulses
recognized by that PRF filter are passed through the pulse-
blanking card to be measured. Several PRF filters can be
switched to the additive mode at the same time, which will
cause pulses belonging to several PRF's to be measured. The
system can also be used in the subtractive mode. When a PRF
filter is switched to the subtractive mode, those pulses
belonging to the given PRF are subtracted from the total
number of pulses transmitted through the pulse-blanker card.
The pulse-train-separator card has been quite effective in
the additive mode, suppressing unwanted radars by as much as
40-50 dB, as shown in Figure G-3. The subtractive blanking
mode is not as effective, typically suppressing unwanted
radars by 5 dB. This is because the PRF filters are typically
"too choosy and do not recognize all of the pulses belonging
to a given PRF Thus, in the subtractive mode, not all of the
unwanted pulses are removed from the total number of pulses.
In the additive mode, it is not crucial that all of the pulses
be recognlzed because the peak-hold hardware keeps only the
largest ‘amplitude pulse anyway, and chances are good that a
typical .sample contains 10-20 pulses which are all near the
peak amplltude. It is very unlikely that all of these pulses
would be missed by the PRF filter. For calibration, the pulse
blanker 'is turned on all the time and a normal KALIB is run
through the pulse-blanker card. Pulse blanking can be used
with most of the Radar Measurement Programs.

Applicaﬁion Programs

The following is a brief description of several RSMS
van application programs used during the Los Angeles and
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San Francisco area radar-to-radar interference investigation.

Wide-Band Scan - Radar Band Occupancy and Emission Spectra

The Wide-band (WB) scan allows a specification of many
operating parameters, including frequency range, number of
frequency steps within the specified range, dwell time on
each frequency step, bandwidth, RF attenuation, IF attenua-
tion, peak hold, and receiving antenna. The program makes
a measurement of peak amplitude received at each frequency,
starting at the lower end of the frequency range and con-
tinuing until the upper end of the frequency range is reached.
At each frequency, the system waits for a specified dwell
time (typically 5 seconds) continually measuring the peak
amplitude of the signal and updating its measurement when
a still stronger pulse occurs. If the dwell time is chosen
somewhat larger than the rotation period of the radar an-
tenna, one is assured that the measurement at each will con-
tain the instant when the radar antenna was aimed directly
at the RSMS van. This situation will give the largest peak
power reading, which is the power recorded for that frequency.
As the measurements are made, the measured data is graphed.
The operator may add or subtract attenuation in 10 dB steps
whenever action is required to keep the signal within the
linear dynamic range of the system. The system corrects
for input attenuation so that the graphed data is continuous
and appears to have been measured with a system with very
large dynamic range. For many of the measurements made with
this program, a 200 MHz frequency range is specified (usually
2700-2900 MHz), with 150 steps within this range. This means
that a measurement is made every 200/150 = 1.33 MHz, which
compares' with measurement bandwidth of 1.5 MHz. Therefore,
WB SCAN is typically operated with frequency steps slightly
less than the measurement bandwidth.

As mentioned previously, WB SCAN is used for measuring
the emission spectra of a particular radar, as well as for
measuring general spectrum occupancy in the radar bands.

The chief difference between these two applications is in the
efforts made to select one radar only from out of several
radars that might be received in the frequency band. For
the general band occupancy measurement, WB SCAN is used with
the CBS antennas, often making a band scan with each of the
four CBS' antennas to get an omnidirectional composite of
band occupancy (Figure G-4A). When making a measurement of
the emission spectra of a particular radar (Figure G-4B),
several techniques are used to assure that only the desired
radar is measured. First, the dish antenna is often used
for these measurements. The extra gain of the dish gives
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con=1denable angular discrimination agalnst other radars,

in addltlon to giving the extra system gain necessary to measure
further down on the skirts of the radar spectra, The pulse
blanker papablllty may be used, generally in an additional

mode with the AS-330 set to the PRF of the desired radar.
Finally, for some of the radar emission spectra, the RSMS

van was moved line-of- sight to the radar and measurements

were made with sufficient input attenuation that other radars

in the band were generally not seen by the RSMS.

In order to assure that the 8580 receiver IF bandwidth
would not distort the WB SCAN and emission spectrum measure-
ments when operating in the peak hold mode, the receiver IF
bandwidth was set to meet the inequality (Reference 44)

2
(B T3) <1

4
where: Br = 8580 receiver IF bandwidth
T; = Largest pulse width measured

Single Frequency Scan. Propagation Loss and Direction of
Arrival.,

The, Single Frequency Scan (SFS) program is a close
relative of WB SCAN. The main difference is that SFS does
not change in frequency as it measures, but stays at the
same freguency. The same input parameters can be specified
as for WB SCAN except that frequency range is replaced by a
single frequency. The program plots peak received amplitude
at the single selected frequency versus time. Dwell time is
the amount of time spent collecting data for each measurement
point, and "steps" gives the number of measurement points
across the graph. The scale across the graph can be any
arbitrary scale, typically 0 to 150 or -200° to 200° or 200°
to -200°.

SFS is used for a variety of propagation loss measure-
ments, using the CBS or the dish antennas. Since dwell is
usually set at 5 sec (the typical rotation time of radars in
this band), one gets one measurement point every 5 seconds
and a typical graph might take 5-15 minutes. Measurements were
made of distance-gain curves using SFS with the RSMS van
driving along the runway at Los Alamitos. Some propagation
measurements were made with SFS alongside the Long Beach
ASR-5 at a frequency quite close to the ASR-5 frequency.



SFS was chosen over other propagation measurement programs
because the 1 measurement/5 seconds characteristic gave less
chance for local radar signals to get through the pulse-
blanking equipment. Another use of SFS involved measuring
amplitude as a function of direction of arrival. For this
measurement, the graph scale is set up to match the -200°
to +200° headings on the dish azimuthal rotation limits.

By proper choice of steps and dwell, the graphing can be
made to track the 1°/second rotation of the dish, and the
graph gives a read-out of received amplitude versus heading
(Figure G-5).

Frequency Tracking Scan (FTS). Propagation Loss Measurements.

For long-term propagation measurements, the FTS program
offers some benefits over SFS. FTS is similar to SFS except
that FTS has some capability to continually track the slowly
drifting frequency of a desired signal. Thus, use of FTS t
assures that any change in received amplitude is not caused
by transmitter frequency drift. When a graph is completed,
the graph is copied on the Versatec and a new graph is
started on the system. FTS was often used to gather data
on a radar overnight. In this mode a new graph was copied
each hour and 8-12 hours of data were obtained without operator
intervention. FTS tracks frequency by tuning over a small
range on either side of the nominal frequency and keeping
track of what frequency gives the highest received signal
amplitude. The highest amplitude is graphed and the corres-
ponding frequency is used as the nominal frequency for the
next set of measurements. SFS scans +2.5 MHz on either side
of the nominal frequency in 0.5 MHz steps. With a 5 second
dwell at each measurement frequency, the total set of 11
measurements requires almost exactly 1 minute. Thus each
measurement point on the graph requires about 1 minute, and
a 60-step graph requires 1 hour. Height-gain curves for
potentially interfering radars were measured at Long Beach
using FTS, while the RSMS tower was raised such that the
receiving antenna increased in height in 3-foot steps, from
waiting to several minutes at each height (Figure G-6).

Racar Antenna Patterns

The RSMS has a capability to make measurements of radar
antenna patterns which is particularly flexible because of
the large amount of mathematical and statistical work that
can be done on the raw data before it is plotted. Nevertheless,
the RSMS system has the same constraints as any system that
measures antenna patterns and some effort should be made to
account for the effect of reflections from the ground and

G-10
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other structures. Two types of antenna pattern measurements
were made. For one type of pattern we are concerned with
what the victim radar saw as an interferer antenna pattern,
knowing that this pattern would likely be not line-of- sight
and badly distorted by all sorts of propagation phenomena.
For these patterns, we try to duplicate the performance of
the victim radar as closely as possible. Occasionally, we
were actually able to use the victim radar antenna itself,
but usually we had to make measurements with dish or CBS
antennas on the RSMS van. In general, the CBS antennas

could be‘p051tloned closer to the victim radar antenna and

at about 'the same height. However, the dish antenna more
closely matched the performance of the radar antenna, as

well as offering better gain for the desired radar and more
rejection of the local radar. The other type of radar an-
tenna pattern measurement is an attempt to measure the free-
space pattern of the radar antenna. For these measurements,
great care is taken to locate the RSMS van so that it is’
line-of-sight to the radar with open fields behind the radar
to eliminate reflections from the ground between the radar
and the RSMS van, several things were done. The spacing
between the radar and the van was considered carefully so the
dish would be in the proper zone, away from the possibility
of deep nulls. In addition, the dish was often aimed up
slightly to minimize gain in the direction of the ground re-
flection,, though this was probably not too effectively done
because of uncertainty about the position of the null, the
levelness of the van, etc. In order to minimize the distor-
tion of the antenna pattern measurements due to receiver dynamic
range, variable attenuators are used to set the measured radar
peak received power level at the 8580 RF input to approximately
-30 dBm. - This permits only a 3 dB compression of the antenna
pattern over a 50 dB range (Figure G-2). However, in some
cases, where good radar siting exists, the lower level of

the cumulatlve antenna distribution may be distorted due to
insufficient 8580 receiver linear dynamic range.

Once, the receiving antenna position was judged satis-
factory, the radar antenna pattern program was run. This
program allows complete specification of 8580 operating
parameters in the first section of the program. The second
section of the program makes 500 measurements over a specified
period of time, minimum time about 4 seconds. The third sec-
tion of the program analyzes and plots the data. The pattern
program assumes a continuously rotating radar antenna, where
the peak signal received by the RSMS antenna occurs when the
radar antenna points at the RSMS antenna. The program also
assumes that the set of 500 measurements has been taken in
such a way that the highest amplitude received in the first



250 measurements occurred when the radar antenna pointed to
the RSMS van and the highest amplitude in the second set of
250 measurements occurred when the antenna had made one more
complete rotation. This means that the elapsed time for the
burst of 500 measurements should be about 20% greater than
the rotation time of the antenna and that the burst of measure-
ments should bhe started slightly before the mainbeam points
at the RSMS van. After all 500 measurements are made, the
analysis of the measurements begins. Various correction
factors are added to the measurements to give readings in
dBm. The highest amplitude in the first set of 250 measure-
ments is labeled "0°"; the highest amplitude measured in the
second group of 250 measurements is labeled "360°"; and all
the rest of the measurement points are assigned a rotation
angle by linear interpolation between these two, fixed points.
If desired, the antenna patterns are plotted with the 0°
reading normalized to 0 dB, with the rest of the pattern
plotted in dB below mainbeam. For better plotting resolution,
the pattern is actually plotted in two graphs - one graph
between ~20° and 180°, the other graph ketween 180° and

380°. These two graphs are intended to be pasted together
to get a single graph of the antenna pattern. (Figure G-7).

Along with the antenna pattern, other information is
written on the graph, including time, date, frequency, peak
received power, antenna rotation period, and some statistical
averages. The statistical averages describe the antenna
pattern in terms of average dB below the mainbeam gain. The
"Complete Average" is the level of the antenna pattern in dB
below mainbheam gain, averaging between 0° and 360°. The
"Sidelobe Average" is a similar average, except that the
pattern is averaged only from 3° to 25° on either side of
the mainbeam. The "Backlobe Average" is another similar
average, including only the backlobe reglon of the pattern
not within 25° of the mainbeam.

Instead of working with the amplitude as a function of
rotation angle, for some applications it is easier to work
with a statistical antenna pattern (Figure G-8). For this
function, the statistics of the antenna pattern are summarized
in a graph which plots amplitude in dB below mainbeam gain
versus percentage of the pattern which exceed this amplitude.
This kind of a pattern serves as a sort of figure-of-merit for
the antenna and indicates how much of the time the sidelobes
and backlobes of the antenna are likely to cause interference
to (or receive interference from) another radar. The analysis
of this data involves merely sorting the measured points of
the pattern (0 to 360°) into amplitude bins with 1 dB reso-
lution and plotting a cumulative distribution of the number
of measurements within each bin.
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In ﬁhe cases where antenna pattern measurements were
made through another radar antenna, the programs were run
as normal except that the RSMS was connected to the 30 MHz
IF of the radar system and tuned to 30 MHz. The radar trans-
mitter was turned off and the radar system was pointed
towards the interfering radar of interest. The rest of the
measurement is made routinely. One problem with this type
of measurement is that there is no easy way to attenuate
the interfering radar signal if transfer curve data show
that the ‘interfering signal may be saturating in the radar
receiver.
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